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Κατά τη διάρκεια των τελευταίων 20 ετών το παγκόσμιο ενδιαφέρον για την κλιματική αλλαγή 
έχει παρουσιάσει σημαντική αύξηση εξαιτίας της θεωρίας της ανθρωπογενούς υπερθέρμανσης του 
πλανήτη. Δεδομένου ότι το κλίμα συνδέεται με αρκετές ανθρώπινες δραστηριότητες, όπως την 
διαχείριση των υδάτινων πόρων και επομένως και την γεωργική παραγωγή, έχουν τεθεί σοβαρές 
ανησυχίες σχετικά με το μέγεθος της αλλαγής στο παγκόσμιο κλιματικό σύστημα καθώς και τις 
συνέπειές της. Έτσι, ήρθε στο προσκήνιο η προσπάθεια εκτίμησης της κλιματικής μεταβλητότητας, 
η οποία συνοδεύτικε από σημαντικες προόδους στην επιστήμη της Παλαιοκλιματολογίας. 
Νωρίτερα, τον 20ο αιώνα, σε ένα άλλο επιστημονικό πεδίο, την Υδρολογία, η πιθανολογική 
προσέγγιση στη μοντελοποίηση των φυσικών διεργασιών είχε κερδίσει σημαντικό έδαφος. 
Σήμερα, οι εν λόγω στοχαστικές μέθοδοι μπορούν να εφαρμοσθούν στις παλαιοκλιματικές 
χρονοσειρές, προκειμένου να μας διαφωτίσουν για το εύρος της φυσικής κλιματικής 
μεταβλητότητας. 
Η παρούσα διδακτορική διατριβή επιχειρεί να κάνει μερικά βήματα προς αυτή την 
κατεύθυνση. Εξετάζει αν το στοχαστικό πλαίσιο Hurst-Kolmogorov, γνωστό και ως μακροχρόνια 
εμμονή, μπορεί να εφαρμοστεί στην μοντελοποίηση υδροκλιματικών μεταβλητών. Η παρούσα 
ανάλυση καλύπτει χρονικές και χωρικές κλίμακες,  οι οποίες κυμαίνονται από την ημερήσια μέχρι 
και 109 έτη στο χρόνο και από 105 m μέχρι το σύνολο του πλανήτη στο χώρο. Επίσης, διερευνά την 
επίδραση των πιθανών αιτιοκρατικών συνιστωσών, όπως για παράδειγμα οι μακροπρόθεσμες 
αλλαγές στην τροχιά της Γης ή οι συσχετίσεις μακρο-κλίμακας (tele-connections), στον 
προσδιορισμό των υδροκλιματικών διακυμάνσεων. Προχωρώντας σε μικρότερες χωρικές 
κλίμακες, το στοχαστικό πλαισίο χρησιμοποιήθηκε στον προσδιορισμό της στατιστικής 
σημαντικότητας στη μεταβολή της βροχοπτώσης στον Ελλαδικό χώρο, όπου προγενέστερες 
μελέτες υποδείκνυαν σημαντική ετήσια μείωση. Τέλος, με τη χρήση παλαιοκλιματικών δεδομένων 
ανακατασκευάστηκε το κλίμα της Κρήτης και διερευνήθηκαν οι σχέσεις μεταξύ του κλίματος και 
της κοινωνίας σε ένα νησί με μακρά ιστορική παράδοση υδραυλικών έργων. 
Το βασικό συμπέρασμα της παρούσας μελέτης, είναι η παρουσία της συμπεριφοράς Hurst-
Kolmogorov τόσο στη θερμοκρασία όσο και στηn κατακρήμνιση. Οι επιπτώσεις αυτής της 
διαπίστωσης πηγάζουν από το γεγονός ότι η φυσική μεταβλητότητα είναι πολύ πιο ενισχυμένη 
από ό, τι θεωρείται στην στην πλειοψηφία των σχετικών μελετών. Έτσι, υπάρχουν σημαντικές 
ενδείξεις ότι η πρόσφατη μεταβολή στην παγκόσμια θερμοκρασία βρίσκεται εντός των ορίων των 
φυσικών κλιματικών διακυμάνσεων. Για τους ίδιους λόγους, δεν παρατηρείται κάτι ιδιαιτέρως 
ασυνήθιστο στη παρατηρούμενη μείωση της ετήσιας βροχόπτωσης στην Ελλάδα. Επιπλέον, 
βρέθηκε ότι η δομή της βροχόπτωσης μεταβάλεται αναλόγως της κλίμακας, παρουσιάζοντας δύο 
σημαντικά διαφορετικές συμπεριφορές: μία για κλίμακες μικρότερες της δεκαετίας και μία για 
μεγαλύτερες. Τέλος, δείχθηκε ότι η ακραία αλλαγή του κλίματος μπορεί να ενισχύσει ή να 
παρεμποδίσει την κοινωνική, αλλά η συμβολή της είναι σχετικά μικρή συγκρινόμενη με την 





During the last 20 years the interest in climatic change has grown due to the hypothesis of 
anthropogenic global warming. Since climate is associated with some major human activities such 
as water resources management and therefore crop production, serious concerns have been raised 
regarding the magnitude of change in the global climatic system and its consequences. The 
estimation of climatic variability came to the spotlight and with it also came the science of 
Paleoclimatology, which led to ample progress in the presentation of past climates. Earlier in the 
20th century, in another scientific field, Hydrology, the probabilistic approach earned significant 
ground in modeling natural processes. These stochastic methods can be now utilized to 
paleoclimatic records in order to give us some insight of the natural climatic variability.  
This doctoral thesis makes a few steps towards this direction. It examines whether the Hurst-
Kolmogorov stochastic framework, known also as long-term persistence or long range dependence, 
can be implemented to hydroclimatic modelling. The analysis covers different temporal and spatial 
scales, ranging from daily to 109 years in time and from 105 m to the whole planet in space. It also 
explores the effect of deterministic components, such as the long-term changes in Earth’s orbit and 
the atmospheric teleconnection patterns, to the hydroclimatic variability. Moving to smaller spatial 
scales the stochastic framework was used to determine the statistical significance of rainfall 
variability over Greece, where some earlier alarming studies suggested substantial annual decrease. 
Finally, the climate of Crete was reconstructed and the links between climate and society were 
investigated in a Mediterranean island with a long history of hydraulic works. 
The major conclusion of this study is that the Hurst-Kolmogorov behaviour is evident both in 
temperature and precipitation. Its implications stem from the fact that natural variability is far 
more enhanced than assumed so far in the majority of climate studies. Thus, there is some strong 
evidence that the recent global temperature change lies within the limits of natural climatic 
fluctuations. In the same concept, there is not anything irregular in the decrease of rainfall over 
Greece. Moreover, it was found that the dependence structure of precipitation is varying with scale, 
suggesting two rather different behaviours; one for below-decedal and one for larger scales. Finally, 
it was shown that extreme or changing climate might amplify or hinder societal change, but this 







ΚΕΦΑΛΑΙΟ  1:  Ε ΙΣΑΓΩΓΗ  
H περιοχή της Μεσογείου παρουσιάζει κάποια αρκετά ενδιαφέροντα χαρακτηριστικά. Από 
κλιματικής απόψεως, αν και ο όρος «Μεσογειακό κλιμα» έχει χρησιμοποιηθεί εκτενώς στη 
βιβλιογραφία, στην πραγματικότητα η Μεσόγειος είναι μια ετερογενής περιοχή με πολλούς και 
διαφορετικούς κλιματικούς τύπους. Η πολυπλοκότητα αυτή έχει τις ρίζες στο σύνθετο 
γεωγραφικό ανάγλυφο, αλλά και στη θέση της Μεσογείου μεταξύ των τροπικών και εύκρατων 
περιοχών. Αποτελεί, δηλαδή, μια μεταβατική ζώνη γεγονός που ευνοεί την αστάθεια και τις 
έντονικες κλιματικές διακυμάνσεις. Για αυτούς τους λόγους, αποτελεί ιδανική περίπτωση μελέτης 
για την εφαρμογή της στοχαστικής ανάλυσης. 
Τις τελευταίες δεκαετίες η κλιματική επιστήμη γνώριση μεγάλη άνθιση, εξαιτίας της θεωρίας 
της ανθρωπογενούς επίδρασης στην παγκόσμια θερμοκρασία. Αυτό είχε σαν αποτέλεσμα την 
εντατική μελέτη του κλίματος κατά το παρελθόν, έτσι ώστε να διευκρινιστεί όσο το δυνατόν 
περισσότερο το μέγεθος της φυσικής μεταβλητότητας της θερμοκρασίας, ώστε να αποσαφηνιστεί 
έτσι και η ένταση της ανθρωπογεννούς επίδρασης. Δυστυχώς αυτό δεν συνέβη, διότι αν και όλες οι 
μέχρι σήμερα μελέτες συμφωνούν με την παρατηρούμενη αύξηση της θερμοκρασίας μετά το 18ο 
αιώνα, υπάρχει σημαντική διαφοροποίηση μεταξύ τους στο αν στο παρελθόν έχουν σημειωθεί 
υψηλότερες θερμοκρασίες από τη σημερινή. 
Η παρούσα διαδακτορική διατριβή αποπειράται να προσφέρει μια μικρή συνεισφορά προς 
αυτή την κατεύθυνση με τη χρήση της στοχαστικής ανάλυσης. Η συγκεκριμένη προσέγγιση έχει 
σημαντική εφαρμογή στην επιστήμη της υδρολογίας και σε αντίθεση με τα Μοντέλα Γενικής 
Κυκλοφορίας (General Circulation Models), επιχειρεί να προσδιορίσει το μέγεθος της 
μεταβλητότητας του συστήματος και όχι να προβλέψει την ακριβή μελλοντική του κατάσταση. Πιο 
συγκεκριμένα, βασιζόμενη στο έργο του Κουσογιάννη [183, 184, 187, 189, 193], πάνω στη 
δυναμική Hurst-Kolmogorov (ΗΚ), διερευνά κατά πόσο αυτή αποτελεί ένα δόκιμο στοχαστικό 
μοντέλο προσομοίωσης υδροκλιματικών μεταβλητών, κάνοντας χρήση παλαιοκλιματικών 
δεδομένων. Στο πλαίσιο αυτό, εξετάζει τις χωροχρονικές συσχετίσεις του κλίματος της Μεσογείου 
με την ευρύτερη περιοχή και το παγκόσμιο κλίμα. 
Οι βασικές επιστημονικές συνεισφορές της διατριβής τοποθετούνται στα πεδία της 
στοχαστικής κλιματολογίας, της παλαιοκλιματολογίας και της υδρομετεωρολογίας. Πιο 
συγκερκιμένα περιλαμβάνουν: 
 Μια δεξοδική έρευνα της πληθώρας των εφαρμογών της δυναμικής ΗΚ σε άλλα 
επιστημονικά πεδία [266], η οποία και παρουσιάζει φυσικές και τεχνητές χρονοσειρές με 
συμπεριφορά ΗΚ.  
 Τον εντοπισμό της εν λόγω συμπεριφοράς σε ένα αρκετά ευρύ σύνολο δεδομένων, τόσο 
από όργανα μέτρησης όσο και από ανακατασκευασμένα αρχεία σε θερμοκρασία [181, 239, 
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240, 241] και κατακρήμνιση [155, 242], για διαφορετικές χρονικές κλίμακες. 
 Τον καθορισμό της επίδρασης αιτιοκρατικών περιοδικών συνιστωσών, όπως οι μεταβολές 
στην τροχιά της Γης (θεωρία Milankovitch) [241, 244]. 
 Την διερεύνηση της αλλαγής στην δομή αυτοσυσχέτισης της βροχής σε σχέση με την 
χρονική κλίμακα [242], αμφισβητώντας τα πρόσφατα αποτελέσματα κάποιων μελετών, οι 
οποίες υποτίμησαν την απόδοση των παλαιοκλιματικών ανακατασκευών [56]. 
 Τον προσδιορισμό των χωρικών ετεροσυσχετίσων μεταξύ ακραίας βροχόπτωσης και 
σχημάτων μακρο-σύνδεσης (teleconnection patterns) σε ημερήσια, μηνιαί και ετήσια 
κλίμακα [245]. 
 Την παρουσίαση σημαντικών στοιχείων για την ύπαρξη της ίδιας δομής στα σχήματα 
μακρο-κλίμακας για τα τελευταία χίλια χρόνια [238]. 
 Την στατιστική ανάλυση της βροχόπτωσης στον Ελλαδικό χώρο και την εκτίμηση της 
στατιστικής σημαντικότητας της παρατηρούμενης μείωσης για τα 60 τελευταία έτη [84, 
194, 243]. 
 Τέλος, την ανακατασκευή της κλιματικής ιστορίας της Κρήτης σε ποιοτικό επίπεδο, οπώς 
επίσης και μια παρουσίαση των επιπτώσεων των έντονων κλιματικών διακυμάνσεων στις 
κοινωνικές δομές και στα υδραυλικά έργα [237].  
ΚΕΦΑΛΑΙΟ 2:  ΣΤΟΧΑΣΤΙΚΕΣ ΑΝΕΛΙΞΕΙΣ  ΣΤΗΝ ΥΔΡΟΛΟΓΙΑ ΚΑΙ  ΣΤΗΝ ΚΛΙΜΑΤΟΛΟΓΙΑ  
Στο κεφάλαιο αυτό παρουσιάζεται το θεωρητικό υπόβαθρο του στοχαστικού πλαισίου που 
εφαρμόζεται, τόσο με τη μορφή εκτενούς βιβλιογραφικής αναφοράς, όπως επίσης και με τη χρήση 
επεξηγηματικών παραδειγμάτων, στα οποία εφαρμόζεται κατά κύριο λόγο προσομοίωση Monte 
Carlo. Τα παραδείγματα αυτά καλύπτουν τα εξης θέματα: ομαδοποίηση ακραίων τιμών, μεροληψία 
δείγματος, επίδραση ομογενοποίησης στα πρωτογενή δεδομένα και επίδραση αιτιοκρατικών 
τάσεων.  
Επίσης περιγράφονται τα βασικά χαρακτηριστικά των ανελίξεων λευκού θορύβου και Markov, 
οι οποίες χρησιμοποιούνται εκτενώς στη βιβλιογραφία για την μοντελοποίσηση υδροκλιματικών 
μεταβλητών. Στην παρούσα μελέτη χρησιμοποιούνται κυρίως για λόγους σύγκρισης, αφού 
εκφράζουν μηδενική ή βραχυπρόθεσμη συσχέτιση/εμμονή αντιστοίχως. Πέρα της διαφορετικής 
δομής αυτοσυσχέτισης, στο κεφάλαιο αυτό επιχειρείται και μια ποσοτικοποίση των διαφορών 
μεταξύ των εν λόγω ανελίξεων, μέσω των προαναφερθέντων παραδειγμάτων.  
Η συμπεριφορά ΗΚ εντοπίζεται σε πληθώρα διαφορετικών, φυσικών και μη, μεταβλητών, 
συμπεριλαμβανομένων της παροχής ποταμών, της θερμοκρασίας, της ταχύτητας του ανέμου, των 
χρηματιστηριακών τιμών και της ταχύτητας διαδικτυακής μεταφοράς δεδομένων [266]. Η 
θεωρητική της τεκμηρίωση βασίζεται πάνω στην μεγιστοποίηση της παραγωγής εντροπίας και η 
ύπαρξη της χαρακτηρίζεται από διακυμάνσεις σε διάφορες χρονικές κλίμακες. Για τον 
προσδιορισμό της και την εκτίμηση του μεγέθους της, χρησιμοποιείται μία σχετικά απλή, αλλά 
αξιόπιστη στοχαστική μέθοδος, που ονομάζεται κλιμακόγραμμα [185]. Πρόκειται για τη 
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συνάρτηση μεταβολής της διασποράς ανά την συναθροισμένη κλίμακα (μέση τιμή ή άθροισμα), 
από το οποίο προσδιορίζεται ο συντελεστής Hurst (0<H<1). Στην παρούσα μελέτη 
χρησιμοποιήθηκαν τρεις διαφορετικοί αλγόριθμοι εκτίμησης του Η, οι γραφικές μέθοδοι LSSD-H 
και LSV-H, που βασίζονται στην εφαρμογή ελαχίστων τετραγώνων επί του κλιμακογράμματος και 
η ML-E , που πρόκειται για εφαρμογή της μεθόδου μέγιστης πιθανοφάνειας [351]. Όσο πιο έντονη 
η συμπεριφορά ΗΚ, τόσο ο συντελεστής τείνει στη μονάδα και η κλίση του κλιμακογράμματος 
γίνεται παράλληλη με τον άξονα κλίμακας (χ), ενώ δείχθηκε πως για περιοδικά σήματα, ο 
συντελεστής τείνει στο 0. Για τη δημιουργία συνθετικών χρονοσειρών, οι οποίες παρουσιάζουν 
μακροπρόθεσμη εμμονή χρησιμοποιήθηκε ο αλγόριθμος MTSF [183].  
Ένα αξιοσημείωτο χαρακτηριστικό των ανελίξεων ΗΚ, είναι η έντονη επίδραση του μεγέθους 
δείγματος στον προσδιορισμό της [183, 193]. Όσο πιο ισχυρή η συμπεριφορά (Η  1), τόσο 
μεγαλύτερο θα πρέπει να είναι το δείγμα για να μην υπάρξει μεροληπτική υποτίμηση στην 
εμπειρική εκτίμηση της τιμής του Η. Για μέσες τιμές απαιτώνται περίπου 100 τιμές, ενώ για 
μεγαλύτερες, το μέγεθος δείγματος μπορει να χρειαστεί να ξεπεράσει τις χίλιες. Αυτό έχει σαν 
αποτέλεσμα οι παρατηρήσεις από όργανα μέτρησης συχνά να μην επαρκούν και για αυτό το λόγο 
ενδείκνυται η εφαρμογή του πλαισίου ΗΚ σε παλαιοκλιματικές χρονοσειρές. 
Σχετικά με τις ποιοτικές διαφορές μεταξύ ΗΚ, Markov και λευκού θορύβου, ίσως η πιο 
χαρακτηριστική είναι η τάση των ακραίων τιμών να ομαδοποιούνται. Πράγματι με τη χρήση 
συνθετικών χρονοσειρών δείχθηκε πως, αν για παράδειγμα μια χρονοσειρά χιλίων τιμών χωριστεί 
σε δέκα μέρη, τότε όσο πιο ισχυρή είναι η συμπεριφορά ΗΚ, τόσο πιο ανομοιόμορφη είναι η 
κατανομή των μεγίστων και ελαχίστων ανά μέρος. Αντίθετα, όπως είναι αναμενόμενο σε μια 
χρονοσειρά λευκού θορύβου η κατανομή των ακραίων τιμών είναι ομοιόμορφη. Η ομαδοποίηση 
αυτή, έχει σαν αποτέλεσμα οι ανελίξεις ΗΚ να παρουσιάζουν μεγαλύτερο εύρος στην περίοδο 
επαναφοράς τους. Αυτό, αν και αρχικά μπορεί να φανεί αντίθετο με την ιδιότητα της 
ομαδοποίησης, εξηγείται από το ότι η ομαδοποίηση δεν αφορά μόνο τις ακραίες τιμές, αλλά όλες 
τις τιμές και επομένως αυτό σημαίνει πως η απόσταση μεταξύ των ομαδοποιημένων μεγίστων ή 
ελαχίστων είναι μεγαλύτερη συγκρινόμενη με εκείνη που παρατηρείται στις ανελίξεις λευκού 
θορύβου ή Markov. 
Μια άμεση συνέπεια της ομαδοποίησης είναι η δημιουργία ισχυρών κλίσεων, οι οποίες επίσης 
δεν παρατηρούνται στις άλλες περιπτώσεις. Η ένταση των κλίσεων, αφ’ενός εξαρτάται από την 
τιμή του Η και αφ’ετέρου από τη χρονική κλίμακα στην οποία υπολογίζονται. Για παράδειγμα, 
μεγάλες τιμές του Η, παρουσιάζουν μικρότερες κλίσεις από ότι μια ανέλιξη Markov με υψηλή 
αυτοσυσχέτιση στις μικρότερες κλίμακες, ενώ είναι πιθανόν να παρουσιάζουν στατιστικά 
σημαντικές τάσεις σε όλο το μήκος δείγματος. Έχει δειχθεί μάλιστα, πως αν σε μια ανέλιξη λευκού 
θορύβου προστεθεί μια γραμμική τάση, εκείνη μπορεί να θεωρηθεί ψευδώς ως ανέλιξη ΗΚ [43]. 
Από την άλλη πλευρά, η απαλοιφή τάσεων από τα δεδομένα χωρίς προφανή, αιτιοκρατικό λόγο 
μπορεί να οδηγήσει σε σημαντική υποτίμηση του Η. Για το λόγο αυτό, η ομογενοποίηση των 
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γεοφυσικών δεδομένων, είναι πιθανόν να οδηγήσει τόσο σε υποτίμηση όσο και σε υπερίμηση στην 
εκτίμηση του συντελεστή Hurst [329].    
ΚΕΦΑΛΑΙΟ 3:  ΣΥΜΠΕΡΙΦΟΡΑ HURST-KOLMOGOROV ΣΤΙΣ ΚΛΙΜΑΤΙΚΕΣ ΧΡΟΝΟΣΕΙΡΕΣ  
Το κεφάλαιο αυτό αποτελεί τον βασικό κορμό της Διδακτορικής Διατριβής, καθώς εδώ εξετάζεται 
η παρουσία και τα χαρακτηριστικά της συμπεριφοράς Hurst-Kolmogorov σε χρονοσειρές 
θερμοκρασίας και βροχόπτωσης. Για το σκοπό αυτό εξετάστηκαν δεδομένα από σταθμούς 
μέτρησης και δορυφόρους, τόσο στην περιοχή της Μεσογείου, όσο και σε παγκόσμιο επίπεδο, όπως 
επίσης και παλαιοκλιματικά δεδομένα ποικίλων υποκατάστατων (proxy) μεταβλητών, μήκους και 
ευκρίνειας.  
Το βασικό συμπέρασμα είναι πως η συμπεριφορά ΗΚ εντοπίστηκε τόσο στις χρονοσειρές που 
προκύπτουν από επίγεια και δορυφορικά όργανα μέτρησης, όσο και σε εκείνες που προέρχονται 
από παλαιοκλιματικές ανακατασκευές υποκατάστατων μεταβλητών. Στην περιοχή της Μεσογείου, 
εξετάστηκαν μόνο δεδομένα από όργανα μέτρησης, καθώς δε βρέθηκαν κατάλληλες 
παλαιοκλιματικές χρονοσειρές υψηλής ευκρίνειας. Παρολ’αυτά τα  αποτελέσματα σε αυτές τις 
χρονικές κλίμακες είναι σε συνέπεια, με τις αντίστοιχες εκτιμήσεις του Η για τον υπόλοιπο 
πλανήτη, επομένως κατά αντιστοιχία μπορεί να θεωρηθεί πως και τα παλαιοκλιματικά δεδομένα 
σε άλλα σημεία του Β. Ημισφαιρίου θα παρουσιάζουν παρόμοια συμπεριφόρα με τη Μεσόγειο στις 
ανώτερες χρονικές κλίμακες.  
Οι χρονοσειρές που προέκυψαν από όργανα μέτρησης παρουσίασαν τιμές κοντά στο 0.8 για τη 
θερμοκρασία και στο 0.6 για τη βροχόπτωση. Όσον αφορά τη θερμοκρασία, δείχθηκε πως αυτή η 
τιμή είναι ανεξάρτητη της παρούσης αύξησης, πως δηλαδή δεν είναι αποτέλεσμα της έντονης 
κλίσης που έχει αναπτυχθεί στην παγκόσμια θερμοκρασία τα τελευταία 100 έτη. Οι 
παλαιοκλιματικές ανακατασκευές παρουσιάζουν αισθητά ψηλότερες τιμές, φτάνοντας μέχρι και 
την τιμή 0.96. Αυτό πιθανόν να οφείλεται εν μέρει στη χωρική συνάθροιση για την εξαγωγή μίας 
ενιαίας ημισφαιρικής ή παγκόσμιας χρονοσειράς και εν μέρει στο ρόλο των ωκεανών, που 
παρουσιάζουν αντίστοιχα υψηλές τιμές και στα δεδομένα των οργάνων. Με βάσει αυτά τα στοιχεία 
και την υπόθεση της συμπεριφοράς ΗΚ, η παρούσα αύξηση στην θερμοκρασία φαίνεται να είναι 
εντος του 95% διαστήματος εμπιστοσύνης της φυσικής μεταβλητότητας της θερμοκρασίας. Είναι 
ενδεικτικό, πως ακόμη και αν δεν πραγματοποιηθεί η σχετική υπόθεση, οι μισές ανακατασκευές, 
έχουν παρουσιάσει μεγαλύτερη μεταβολή σε όλες τις χρονικές κλίμακες πριν τον 17ο αιώνα.  
Η βροχόπτωση παρουσιάζει, επίσης, αυξημένες τιμές στις υποκατάστατες χρονοσειρές, με 
μέση τιμή κοντά στο 0.75. Ένα πρώτο συμπέρασμα αποτελεί το ότι η συμπεριφορά της δομής 
αυτοσυσχέτισης της βροχόπτωσης πιθανόν να συσχετίζεται με την χρονική κλίμακα στην οποία 
μελετάται το φαινόμενο. Σε αυτό το πλαίσιο μπορουν να παρατηρηθούν δύο διαφορετικές δομές, 
μία για υπο-δεκαετή κλίμακα και μία για τις μεγαλύτερες, το οποίο αναλύεται διεξοδικά στο 
Κεφάλαιο 4. Τελός, στο ίδιο Κεφάλαιο επεξηγείται η απότομη πτώση στην κλίση του 
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κλιμακογράμματος για τη θερμοκρασία μεταξύ των 104 and 105 ετών, η οποία επίσης υποδεικνύει 
διαφορετική συμπεριφορά σε αυτές τις χρονικές κλίμακες. 
Κεφάλαιο 4: Συμπεριφορά Hurst-Kolmogorov σε διάφορες χρονικές κλίμακες  
Επεκτείνοντας τα αποτελέσματα του προηγούμενου Κεφαλαίου, στο σημείο αυτό αναλύονται οι 
μεταβολές τις δυναμικής Hurst-Kolmogorov σε σχέση με την χρονική κλίμακα παρατήρησης. Στην 
περίπτωση της θερμοκρασίας, αυτό περιλαμβάνει την επίδραση των αιτιοκρατικών μεταβολών 
στην τροχιά της Γης, ενώ για την βροχόπτωση παρουσιάζονται δύο διαφορετικές δομές 
αυτοσυσχέτισης: μία για τις κλίμακες μέχρι  δέκα χρόνια και μία για τις μεγαλύτερες. 
Η αστρονομικές μεταβολές στην τροχιά της Γης εμφανίζονται σε κλίμακες μεταξύ 20 και 100 
χιλιάδων ετών και πρόκειται για τη μεταβολή της εκκεντρότητας (eccentricity), την αλλαγή της 
λόξωσης της εκλειπτικής (obliquity) και της μετάπτωση των ισημεριών (precession). Μέχρι 
σήμερα υπάρχει έντονος επιστημονικός διάλογος γύρω από την κυρίαρχη θεωρία (υπόθεση 
Milankovitch) για τον ακριβή τρόπο επιρροής τους στη διαδοχή των παγετώνιων περιόδων [90, 
257, 371, 372]. Οι περιοδικότητες αυτές οδηγούν, όπως δείχθηκε στο 2ο Κεφάλαιο, σε μείωση της 
τιμής του Η προς το μηδέν, το οποίο μπορει να χαρακτηρισθεί και ως αντι-εμμονή (anti-
persistence). Για το λόγο αυτό, χρονοσειρές οι οποίες παρουσιάζουν υψηλές τιμές αυτό-συσχέτισης 
θα πρέπει να ελέγχονται στο πεδίο των συχνοτήτων για πιθανές περιοδικότητες (π.χ. με 
φασματική ανάλυση). 
Όσον αφορά τη θερμοκρασιακή μεταβλητότητα, η συμπεριφορά της εξετάστηκε συνολικά, 
από τη μηνιαία κλίμακα μέχρι εκείνη των 10 εκατομμυρίων ετών, καλύπτοντας έτσι ένα εύρος 
εννέα τάξεων κλίμακας. Αυτό επιτεύχθηκε χρησιμοποιόντας παλαιοκλιματικές χρονοσειρές 
διαφορετικής χρονικής κλίμακας και συνδυάζοντας τα επιμέρους κλιμακογράμματα τους σε ένα 
ενιαίο, στο οποίο έγινε και αντιληπτή η επίδραση της τροχιακής μεταβολής στις συχνότητες των 
40 και 100 χιλιάδων ετών. Η τελική τιμή του συντελεστή Hurst εκτιμήθηκε στο 0.92 μέσω της 
μεθόδου LSV-H, χωρίς να προσδιοριστεί η μερολοψία στην εκτίμηση, γεγονός που σημαίνει πως η 
τιμή αυτή αποτελεί το κάτω όριο του Η. 
Σχετικά με την βροχή, αναζητήθηκε μία πιθανή εξήγηση στη διαφορά που παρουσιάζεται κατά 
την εκτίμηση της δομής αυτοσυσχέτισης ανάμεσα στα δεδομένα μέτρησης και στις 
παλαιοκλιματικές ανακατασκευές. Αν και παλιότερες μελέτες ανέφεραν πως υπάρχουν κάποιες 
ενδείξεις πως η βροχή θα μπορούσε να χαρακτηρίζεται από μακροπρόθεσμη εμμονή στις 
μεγαλύτερες χρονικές κλίμακες [25, 105, 278], πιο πρόσφατα αποτελέσματα κατέληξαν πως η 
διαφορά αυτή οφείλεται σε μη κλιματικές διεργασίες [104, 165, 287]. Τέτοιες διεργασίες θα 
μπορούσαν να συνδέονται με τον τρόπο με τον οποίο η κλιματική πληροφορία αποτυπώνεται στο 
υποκατάστατο μέσο, π.χ. γεωλογικοί παράγοντες, ή με τον τρόπο που το υποκατάστατο μέσο 
μετατρέπεται σε κλιματική ανακατασκευή, π.χ. μεροληψία λόγω εξομάλυνσης (smoothing bias). 
Παρόλα αυτά αν επιμεριστουν οι χρονοσειρές βροχόπτωσης σε μικρότερα τμήματα (π.χ. μι 
χρονοσειρά 200 ετών σε δύο των 100 ετών και 4 των 50 ετών) και συγκριθούν οι τιμές του 
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συντελεστή Η για όλο το μήκος των χρονοσειρών βροχόπτωσης με τα υποσύνολα της, 
παρατηρείται μια μείωση του πρώτου όσο μικρότερο είναι το μήκος. Αν και αυτό έχει δειχθεί 
θεωρητικά για οποια χρονοσειρά παρουσιάζει ΗΚ [183], στην περίπτωση της βροχόπτωσης η 
μείωση που παρουσιάζεται είναι πολύ μεγαλύτερη από τη θεωρητική. Πιο συγκεκριμένα στην 
περίπτωση των παλαιοκλιματικών δεδομένων, όταν αυτά μελετώνται σε όλο το χρονικό τους 
μήκος, τότε η τιμή του Η είναι κοντά στο 0.75. Καθώς το μήκος μικραίνει, τότε το εύρος των 
πιθανών τιμών αυξάνεται και προς τις δύο κατευθύνσεις, με αποτελέσμα όταν φτάνει στην τιμή 
των 200 ετών να καλύπτει ένα εύρος μεταξύ λευκού θορύβου και ισχυρής δυναμικής ΗΚ (από 0.5 
εως 1).  
Επομένως, το συμπέρασμα σχετικά με τη βροχόπτωση είναι πως στις μεγαλύτερες χρονικές 
κλίμακες μπορούν να παρουσιαστούν μεγαλύτερες μεταβολές σε σχέση με τις μικρότερες ή/και οι 
σταθερές μακροχρόνιες μεταβολές δεν μπορούν να παρατηρηθούν στις υποδεκαετείς κλίμακες. 
Αυτό σημαίνει πως, από τη μια πλευρά τα μετρητικά δεδομένα πιθανόν να μην περιγράφουν 
επαρκώς τη δομή αυτοσυσχέτισης της βροχόπτωσης στις μεγάλες κλίμακες και από την αλλή πως 
η δυναμική ΗΚ δεν μπορεί να χρησιμοποιηθεί αυτούσια για την στοχαστική προσομοίωση, για 
δείγματα μικρότερα των 500 ετών.    
ΚΕΦΑΛΑΙΟ 5:  ΣΥΣΧΕΤΙΣΕΙΣ ΜΑΚΡΟΚΛΙΜΑΚΑΣ ΣΤΟ ΧΩΡΟ  
Εκτός από τη χρονική μεταβλητότητα, εξετάζονται επίσης οι συσχετίσεις στο χώρο σε δύο επίπεδα. 
Αρχικά αναλύονται οι πιθανές συσχετίσεις της ακραίας βροχόπτωσης στην περιοχή της Μεσογείου 
με τους κλιματικούς δείκτες των σχηματων μακροκλίμακας που επηρρεάζονται από την 
παγκόσμια ατμοσφαιρική κυκλοφορία ε Στη συνέχεια ξετάζονται οι χωρικές συσχετίσεις της 
θερμοκρασίας και της βροχόπτωσης εντός της λεκάνης της Μεσογείου σε μεγαλύτερες κλίμακες 
(χροινκό βήμα 50  έτών) με τη χρήση παλαιοκλιματικών δεδομένων. 
Στην πρώτη περίπτωση δείχθηκε πως, ενώ, τόσο τα μέγιστα, όσο και τα ελάχιστα 
παρουσιάζουν κάποια συσχέτιση με τους κλιματικούς δείκτες των σχημάτων μακρο-σύνδεσης, η 
σύνδεση αυτή είναι σαφώς περιορισμένη, πιαθνόν εξαιτίας της συνθετότητας του γεωγραφικου 
ναγλύφου και της επιδρασης του στις τοπικών υδροκλιματικές συνθήκες. Αντίθετα, η απουσία 
ακραίων συμβάντων βροχόπτωσης συσχετίζεται σε μεγαλύτερο βαθμό με υψηλές ή χαμηλές τιμές 
συγκεκριμένων δεικτών και επομένως με χαρακτηριστικά της ημισφαιρικής ατμοσφαιρικής 
κυκλοφορίας. Οι δείκτες με τη μεγαλύτερη συσχέτιση ήταν οι ΝΑΟ (Βορειοατλαντική Ταλάντωση) 
και ΜΟΙ (Μεσογειακή Ταλάντωση) για τα ανατολικά και δυτικά άκρα της Μεσογείου και οι ΕΑ 
(Δείκτης Ανατολικού Ατλαντικού) και SCAND (Σκανδιναβικός Δείκτης) για το κεντρικό τμήμα της. 
Οι παρούσες συσχετίσεις γίνονται πιο έντονες καθώς η χρονική κλίμακα αυξάνεται, με αποτέλεσμα 
στην ετήσια να παρατηρείται ένα δίπολο επιρροής/συμπεριφοράς επί του άξονα Ανατολής-Δύσης. 
Τα επεισόδια (ημερήσια κλίμακα) ή οι περίοδοι (μηνιαία/ετήσια κλίμακα) μέγιστης 
βροχόπτωσης σχετίζονται με αρνητικές τιμές των δεικτών ΝΑΟ, ΜΟΙ και θετικό SCAND για τις 
περιοχές της Ισπανίας, της Νότιας Γαλλίας, της Ιταλίας και των Βαλκανίων, ενώ όπως αναφέρθηκε 
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πριν η απουσία τους συνδέεται ισχυρότερα αντιστρόφως για τις περισσότερες περιοχές. Επίσης, το 
αντίστροφο συμβαίνει στη Μέση Ανατολή, ενώ η Βόρεια Αφρική παρουσίαζει λιγότερο καθαρή 
εικόνα, πιθανόν εξαιτίας και του μικρότερου αριθμού σταθμών, η οποία όμως διατηρεί τα βασικά 
χαρακτηριστικά του διπόλου Ανατολής-Δύσης.  
Το δίπολο αυτό είναι γνωστό στη βιβλιογραφία [375], οπού αναφέρονται και πιθανές ενδείξεις 
για την ύπαρξη του σε μεγαλύτερες χρονικές κλίμακες [299]. Η υπόθεση αυτή διερευνήθηκε για 
δύο περιόδους έντονης κλιματικής διακύμανσης, τη Μεσαιωνική Θερμή Περίοδο (900 – 1300 AD) 
και τη Μικρή Παγετώνια Περίοδο (1500 – 1850 AD). Η μελέτη έγινε μεσω της τεχνικής της 
βιβλιογραφικής μετα-ανάλυσης [138], δηλαδή με τον καθορισμό συγκεκριμένων κριτηρίων, έτσι 
ώστε από το σύνολο των σχετικών μελετών, οι οποίες υπερέβαιναν τις 300, να χρησιμοποιηθούν οι 
αρτιότερες. Τα κριτήρια περιλάμβαναν τη γεωγραφική τοποθεσία, τη χρονική διάρκεια, τη χρονική 
ευκρίνεια, το είδος υποκατάστατης μεταβλητής, την ύπαρξη ενός αξιόπιστου μοντέλου 
χρονολόγησης και την πιθανότητα επικάλυψης με άλλες μελέτες και οδήγησαν στην τελική επιλογή 
61 μελετών. 
Οι δύο περίοδοι χωρίστηκαν σε τμήματα 50 ετών, στα οποία στη συνέχεια 
κατηγοριοποιηθηκαν σε σχέση με τις σημερινές επικρατούσες συνθήκες θερμοκρασίας και  
βροχόπτωση (π.χ. 1050 μ.Χ. : θερμότερη και ξηρότερη περίοδος). Τα αποτελέσματα επιβεβαίωσαν 
τη διατήρηση του κλιματικού διπόλου για τη βροχόπτωση με αντίθετες συμπεριφορές σε Ανατολή 
και Δύση, ενώ στη θερμοκρασία δεν συλλέχθηκε επαρκής αριθμός μελετών ώστε να υπάρξει 
κάποιο ασφαλές συμπέρασμα. Η κεντρική Μεσόγειος παρουσίαζε πιο ασαφή, πιθανόν μεταβατικό 
χαρακτήρα, με την Ιταλία να σχετίζεται περισσότερο με τη δυτική Μεσόγειο και τη Βαλκανική 
χερσόνησο με την ανατολική. Συνολικά, κατά τη Μεσαιωνική Θερμή Περίοδο υπήρξε αύξηση της 
θερμοκρασίας και μείωση των βροχοπτώσεων στο δυτικό τμήμα, οι οποίες παρουσίασαν 
σημαντική μείωση στο ανατολικό. Αντίθετα κατά τη Μικρή Παγετώνια Περίοδο παρουσιάστηκε 
πτώση της θερμοκρασίας και αύξηση των κατακρημνίσεων δυτικά και συνθήκες μετεωρολογικής 
ξηρασίας ανατολικά. 
ΚΕΦΑΛΑΙΟ 6:  ΜΕΤΑΒΛΗΤΟΤΗΤΑ ΤΗΣ ΒΡΟΧΟΠΤΩΣΗΣ ΣΤΗΝ ΕΛΛΑΔΑ  
Στο Κεφάλαιο αυτό διερευνόνται τα πιθανά αποτελέσματα της εφαρμογής του πλαισίου Hurst-
Kolmogorov στην Ελλαδα για την βροχόπτωση. Η ανάλυση αυτή αποτελεί την πληρέστερη μέχρι 
σήμερα μελέτη της μεταβλητότητας της βροχόπτωσης τόσο σε σχέση με τον αριθμό 
σταθμών (136)  όσο και με το μήκος των χρονοσειρών (1940-2012). Η μελέτη των στατιστικών 
τους χαρακτηριστικών, αλλά και των ετεροσυσχετίσεων τους (μεθόδος των κλιματικών δικτύων), 
έδειξε πως ένας συνεπής χωρικός καταμερισμός της βροχόπτωσης στην Ελληνικής επικράτεια θα 
μπορούσε να περιλαμβάνει οχτώ περιοχές. Αυτές είναι η Νότια Νησιωτική, Κεντρική, Δυτική και 
Βόρεια Ελλάδα, η Ανατολική και Δυτική Πελοπόννησος και τέλος η Στερεά Ελλάδα. Από αυτές οι 
πιο ομογενείς ήταν η Δυτική Ελλάδα και η Δυτική Πελοπόννησος, ενώ οι πιο ετερογενείς είναι η 
Στερεά και η Νότια Νησιωτική Ελλάδα. 
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Ο συντελεστής Hurst εκτιμήθηκε στην τιμή 0.75. Όμως, όπως αναλύθηκε στο προηγούμενο 
κεφάλαιο, το μήκος δείγματος είναι πολύ μικρό (50 έτη κατά μέσο όρο) για να θεωρηθεί η εν λόγω 
τιμή αντιπροσωπευτική εκτίμηση του Η. Παρολ’αυτά η συμπεριφορά της ετήσιας βροχόπτωσης 
στο χρόνο, παρουσιάζει ποιοτικά χαρακτηριστικά που είναι ενδεικτικά της συμπεριφοράς ΗΚ, 
δηλαδή συνολικά χαρακτηρίζεται από μείωση για όλο το μήκος δείγματος, από αύξηση από το 
1980 και μετά, ενώ παραμένει σταθερή τα τελευταία 15 έτη. Επιπλέον. καθώς η εκτίμηση της 
στατιστικής σημαντικότητας εξαρτάται από το στατιστικό πλαίσιο που έχει υιοθετηθεί για τον 
προσδιορισμό της και στη συγκεκριμένη περίπτωση συνδέεται με τη δομή της αυτοσυσχέτισης, η 
συμπεριφορά ΗΚ μπορει να χρησιμοποιηθεί σε σύγκριση με τα μοντέλα λευκού θορύβου και 
Markov. Στο πλαίσιο αυτό δείχθηκε, πως οι κλίσεις που εμφανίζονται εξαιρετικά στατιστικά 
σημαντικές με το μοντέλο λευκού θορύβου (έλεγχος Mann-Kendal), είναι λιγότερο σημαντικές για 
τη θεώρηση Markov και ακόμη λιγότερο για τη δυναμική ΗΚ. Το συμπέρασμα αυτό αποτελεί μια 
πρακτική εφαρμογή που δείχνει την επίδραση που έχει η επιλογή του κατάλληλου στοχαστικού 
πλαισίου στην εξαγωγή συμπερασμάτων για το μέγεθος της κλιματικής μεταβλητότητας.   
ΚΕΦΑΛΑΙΟ 7:  ΥΔΡΑΥΛΙΚΑ ΕΡΓΑ ΚΑΙ ΚΛ ΙΜΑ ΣΤΗΝ ΚΡΗΤΗ  
Τέλος, πραγματοποιείται μια απόπειρα ανακατασκευής του κλίματος της Κρήτης στην Ολόκαινο 
Εποχή και μια συσχέτιση της κλιματικής μεταβλητότητας με την ανάπτυξη ή παρακμή του 
πολιτισμού, όπως αποτυπώνεται στα υδραυλικά έργα. Το αποτέλεσμα της ποιοτικής 
ανακατασκευής έδειξε ότι υπάρχουν έντονες, αλλά και σταδιακές, εναλλαγές μεταξύ τόσο ψυχρών 
και θερμών συνθηκών, όσο και ξηρών και υγρών περιόδων, γεγονός που συμβαδίζει με τα 
χαρακτηριστικα της συμπεριφοράς ΗΚ. Μπορει να ειπωθεί ότι γενικά, η κοινωνική αναταραχή, ο 
πόλεμος και η συρίκνωση των οικονομικών μεγεθών σχετίζονται κυρίως με ξηρές και κρύες 
περιόδους και αντιστοίχως με ελλείψεις σε νερό και γεωργική παραγωγή. Αντιθέτως, το υγρό και 
θερμό κλίμα συνδέεται στις περισσότερες περιπτώσεις με ευημερία, εξαιτίας της σύνδεσης του με 
την γεωργία και την κτηνοτροφία. Και στις δύο περιπτώσεις, η επίδραση της μεταβλητότητας στη 
βροχόπτωσης φαίνεται σημαντικότερη από ότι αυτή στη θερμοκρασία, πιθανόν εξαιτίας της πιο 
άμεσης σύνδεσης της με τη διαχείριση των υδατικών πόρων.  
Η εξέλιξη του Μινωικού πολιτισμού παρόλα αυτά δεν ακολουθεί αυτό το μοτίβο, αφού 
κατάφερε να ευημερήσει και μάλιστα να αναπτυχθεί περαιτέρω σε ένα σημαντικά ξηρότερο κλίμα 
από ότι σήμερα. Για να το πετύχει αυτό, δημιούργησε καινοτομικές για την εποχή μεθόδους 
διαχείρισης των υδατικών πόρων, οι οποίες ήταν βασισμένες στις αρχές τις αποκεντροποίησης, της 
μεγιστοποίησης του χρόνου ζωής, και της ευκολίας στην κατασκευή (π.χ. αποταμιευτήρες 
βρόχινου νερού). Αυτό βασίστηκε στη γενικότερη σταθερότητα και εύρυθμη λειτουργία της 
Μινωικής κοινωνίας και στην κατάλληλη διαχείριση του συσσωρευμένου προγενέστερου πλούτου. 




Αυτό επίσης παρατηρείται, αν συγκρίνουμε τα αποτελέσματα των έντονων κλιματικών 
αλλαγών σε μεταγενέστερες εποχές, στις οποίες μπορεί να χρησιμοπιούνταν πιο αναπτυγμένες 
τεχνολογίες, αλλά παρουσίαζαν πιο αδύναμες κοινωνικές δομές. Σε αυτό βεβαίως παίζουν πολύ 
σημαντικό ρόλο τόσο τα πληθυσμιακά μεγέθη όσο και η κατανομή τους. Παρολ’αυτά δεν μπορεί να 
παραλειφθεί πως η σύγκριση της ικανότητας διαχείρισης περιβαλλοντικών/κλιματικών κρίσεων 
παρόμοιων πληθυσμιακών κοινοτήτων με αντίστοιχα παραγωγικά μεγέθη η ικανότητα των, 
δείχνει πως υπεράνω όλων είναι η σταθερή και δίκαιη κοινωνική διαστρωμάτωση.  
ΚΕΦΑΛΑΙΟ 8:  ΣΥΜΠΕΡΑΣΜΑΤΑ ΚΑΙ ΠΡΟΟΠΤΙΚΕΣ  
Η διδακτορική διατριβή ολοκληρώνεται με μια συνολική παρουσίαση των αποτελεσμάτων της, μια 
αποτίμηση των πιθανών αδυναμίων της και μια προσέγγιση σε σχετικά θέματα προς επίλυση για 
μελλοντική έρευνα. Τα πιο ισχυρά συμπεράσματα αφορούν τη χρήση της δυναμικής ΗΚ ως προς 
την περιγραφή της θερμοκρασίας και βροχόπτωσης σε διάφορες χρονικές και χωρικές κλίμακες. Η 
επίδραση των περιοδικοτήτων στη δομή αυτοσυσχέτισης εξαιτίας των αλλαγών στη τροχιά της 
Γης, καθώς και η μεταβολή της στη βροχόπτωση συναρτήσει της χρονικής κλίμακας, αποτελούν 
ίσως το σημαντικότερο κομμάτι της επιστημονικής καινοτομίας που προσφέρει η παρούσα 
διατριβή.  
Οι επιπτώσεις της ισχυρής συμπεριφοράς ΗΚ στις υδροκλιματικές μεταβλητές είναι 
σημαντικές, καθώς αυτό σημαίνει πως η τιμή για παράδειγμα της βροχόπτωσης, μπορεί να 
αποκλίνει αρκετά και για παρατεταμένο χρονικό διάστημα από τη μέση τιμή του δείγματος. Αυτό 
έχει σαν συνέπεια τη δημιουργία ισχυρών τάσεων, όπως επίσης και την ομαδοποίηση των ακραίων 
τιμών, τα οποία μπορούν να οδηγήσουν σε αστοχία τη διαστασιολόγηση τεχνικών έργων που 
έχουν χρησιμοποιηθεί οι παραδοσιακές στατιστικές παραδοχές (ανεξαρτησία και Markov). Επίσης, 
είναι πιθανόν να οδηγήσει σε υποτίμηση του μεγέθους της φυσικής μεταβλητότητας του κλίματος, 
με αποτέλεσμα το κλιματικό σύστημα να θεωρείται πιο σταθερό από όσο είναι. 
Τα παραπάνω συμπεράσματα ενισχύθηκαν από τα αποτελέσματα των συσχετίσεων κατά 
χωρική διερεύνηση κατά την περίοδο της Θερμής Μεσαιωνικής Περιόδου και της Μικρής 
Παγετώνιας Εποχής, στη μελέτη των χρονοσειρών βροχόπτωσης στην Ελλάδα και την 
ανακατασκευή του κλίματος της Κρήτης. Οι έντονες υδροκλιματικές μεταβολές, οι απότομες 
κλίσεις, αλλά και η σταδιακή αλλαγή στις κλιματικές συνθήκες, είναι ποιοτικά χαρακτηριστικά που 
συνδέονται με τη δυναμική ΗΚ. Από την άλλη πλευρά, οι συσχετίσεις των ακραίων τιμών της 
βροχόπτωσης με τις μακρο-συνδέσεις, αποτελεί ίσως το πιο αδύναμο μέρος της παρούσας 
διατριβής. Σε αυτό τημήμα της ανάλυσης δεν εντοπίστηκε κάποια πολύ ισχυρή συσχέτιση, η οποία 
θα μπορούσε να χρησιμοποιηθεί για προσομοίωση ή πρόγνωση, ιδιαίτερα στις μικρές χρονικές 
κλίμακες και προφανώς χρήζει περαιτέρω διερεύνησης. 
Άλλα θέματα, που δύναται να αναπτυχθούν διεξοδικότερα στο μέλλον με βάσει τα ευρύματα 
που παρουσιάστηκαν παραπάνω, περιλαμβάνουν κατ’αρχάς την ενσωμάτωση της δυναμικής ΗΚ 
σε εφαρμογές της επιστήμης του μηχανικού, όπως η διαχείριση των υδατικών πόρων, ή των 
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φυσικών πόρων γενικότερα, όπως για παράδειγμα ο σχεδιασμός αγροτικής στρατηγικής. Σε πιο 
θεωρητικό επίπεδο, οφείλουν να διερευνηθούν οι μη κλιματικές αιτίες που μπορεί να οδηγήσουν 
τεχνητά στην εμφάνιση συμπεριφοράς ΗΚ στα κλιματικά δεδομένα, συνδέοντας τες με φυσικούς 
μηχανισμούς. Τέλος, θα μπορούσε να επιχειρηθεί μια ποσοτικοποίηση της κλιματικής 
ανακατασκευής της Κρήτης, έτσι ώστε να μπορεί να αναλυθούν οι σχέσεις του κλίματος με τα 
αρχαιολογικά και ιστορικά ευρήματα. 
Το γενικότερο συμπέρασμα της παρούσας διδακτορικής διατριβής συνδέεται με τη σημασία 
της μελέτης του παρελθόντος, για την καλύτερη κατανόηση του παρόντος και τελικά την 
ποσοτικοποίηση της αβεβαιότητας του μέλλοντος. Όσο καλύτερα και αναλυτικότερα 
καταφέρουμε και περιγράψουμε το χθες, τόσο πιο πιθανό είναι να ερμηνεύσουμε το σήμερα, για να 




A SHORT TALE OF GRATITUDE  
It was early in the morning after a long night’s walk, when I finally reached the desolate cliff. Young and 
fool I was, and my journey filled with dangers, but all of them washed away when the Bridge revealed 
itself right in front of my eyes. This was the end of my adventures. But before I could cross it, the ancient 
Guardian of the Bridge stood between me and my destination and with him the last trial I had to give.  
“Thou shall not pass”, the elder man in the purple robes proclaimed. “State your name and quest?” 
“My name is insignificant your Majesty, but my quest is well justified. I am seeking the Holy Grail of 
Science, your Grace”, I answered. 
“A pure quest it is, indeed, and you managed to reach so far by now, but are you ready to cross the 
Bridge? Answer to my questions with a true heart and you shall pass; fail me and you will be forever 
doomed.”, he said in his strict, but warm, deep voice. 
“As you wish my Lord.”, I replied. 
“Long is the path you have chosen to follow and certain I am that many people would have helped you 
along the way. Is there anyone you would like to thank?” 
“Yes, your Highness. First of all my mentor, Maester D. Koutsoyiannis. Not only he has taught me the 
secrets of our Art, but most importantly he showed me how not to be tempted by the Dark Side. He taught 
me the ethics, the philosophy and the virtues of Science, he trusted in me and in myself he taught me to 
trust. He has earned my utter respect and never-ending friendship.” 
“A great person he sounds to be.”, his eyes seemed to examine every slight expression of my face. 
“A great person he is, but not the only one who aided me in this task. How could I forget Professor N. 
Mamassis, who showed me by his example which things are of importance and which are not, or Dr. 
V. Kotroni who have always been so supportive. And finally the rest of the Great Comitee, four experts in 
their fields, who did whatever was possible to reach my destination on time.”   
“Well, lucky you were to have such Tutors. Is there anyone else who would like to thank?” 
“Of course, Great Elder One. It is the brotherhood of the Red Thread Inn; Rubin “Hurricane” Carter, 
Karabyte, Hansoleon, Fizban, Fon the Turban, Comran Foudoul, Mitsui the Half-Ogre, and the missing 
ones, Goureod and Ironfist. If there were not them, I would be still lost in my very first steps. My map and 
compass they are, all of them heroes of great valour and true glory.” 
“So these are the good friends of yours I can see.”, his tone was calmer now. 
“Yes, along with K. Theodoropoulos, V. Stavrianakos, S. Bartzis, G. Polychronopoulos, V. Kofinakos and 
G. Economides. Each of them with his unique and honest way, to carry on they helped me when the 
hazards mustered around me and the journey seemed impossible.”, I tried hard not to forget anyone and 
at a moment I thought I had failed, but the old man, made another question. 
“And what about women? Are there any in particular you want to thank?” 
“Aye! There are my Lord! “Little sister” Lelouda, a true flower that would blossom even in the winter’s 
heart, Evita who have taught me the real meaning of determination and support, Demetra the Trusted 
One, Stella the Brave, Vaya the Wise and of course the few gentle ladies I encountered in my travels and 
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offered me care and affection in the lonely cold nights of my humble quest”, I knew the end was close and 
thus I have started feeling a little nervous. 
“So, is that all?”, again his voice become stricter, almost demanding.  
“No your Grace! There are also my companions in the Great University. Some of them have already 
passed the Bridge, some of them are closing and some are still away but I have faith in them all to 
succeed because talented they are and true to their beliefs; Sandra, Panayiotis, Simon, Christos, Panos 
and Yannis. And I also deeply thank every single member of the Itia Guild; each one a master of his own 
art, each one offered me something useful to remember. 
“And any strangers that you met along the way?” 
“Ahhh, the mysterius monk Federico Lombardi, who provided me ancient scrolls with forsaken data, 
Mandakas the First Innkeeper and Maria Scaftura, who both gave me food and shelter in times of great 
distress; Dr A. Angelakis, always tireless, offered my safe passage at the Straits of Publication and 
Dr. Vanesa Nieto-Moreno for being kind, helpful and understanding.” 
“Your time is getting short, who would be the last and most important one, young wanderer?”, now I 
could see that the trial was almost over and the anxiety grew stronger and stronger and… then a simple 
thought, brought me endless peace and tranquillity. 
“Ah, that’s an easy one your Exquisiteness. My family, Nikos and Paraskevi, Dimitris and Stavros, the 
only place, right in my heart, where hope shines even in the darkest hours of the abyssal night.” 
“You answered well so far, boy, but now the time of the final question has come. Answer this and you 
shall pass; fail and you will be ruined forever in the eternity!” 
I felt my throat getting dry and my fingers going numb. The old man stared me in the eyes. 





















If there is a single location that is strongly correlated with this doctoral thesis, then this place is 
undoubtedly Egypt. There are plenty of reasons for this, besides the obvious fact that is located in 
the Mediterranean. Most importantly, we can say that the very notion of a changing climate was 
documented probably for the first time in Ancient Egypt. There, the recurring periods of severe 
floods or extensive droughts forced the authorities to record the water level of the Nile and as the 
record became larger the picture of a varying climate also become clear; dry and wet climatic 
phases succeeded each other as was suggested by the river flow. The ancient Egyptians approach 
also brings us to the use of proxy variables instead of hydroclimatic ones to assess climatic 
variability in periods where no instrumental records exist, i.e. instead of directly measuring rainfall, 
they measured the Nile’s water level. The same principle has been further developed during the last 
century in the field of Paleoclimatology and helped us create the reconstructions of the past climate 
which are used in this thesis. Finally, the very same record describing the annual Nile flow was the 
one that led E. Hurst [147] in his discovery of a novel type of behaviour in geophysical time series, 
which influenced the modern hydrological analysis via the mathematical formulation of a stochastic 
process presented by Kolmogorov [172]; this is the theoretical framework applied here to the 
paleoclimatic reconstructions in order to analyse the climatic fluctuations in different scales. 
THE MEDITERRANEAN REGION  
The Mediterranean basin presents some quite interesting features. From the climatological 
perspective, although the concept of “Mediterranean climate” is extensively used in literature, in 
reality it is an heterogeneous region with different climatic types adjacent to each other. The 
complex topography plays a significant role on this, as well as the fact that the Mediterranean lies at 
the northern border of the transition area between tropical and extra-tropical zones. This favours 
unstability in the climatic regimes, which is further enhanced by the varying influence of the 
general atmospheric circulation [355]. Thus, mid- and long-term forecasting of hydroclimatic 
variables involves a certain amount of uncertainty, which makes the Mediterranean a suitable case 
study for the application of stochastic analysis. 
Under these uncertain and ever-shifting climatic conditions the civilization developed and 
thrived since the 4th millennium BC till today, the links between societies and the availability and 
proper management of water resources fuelled our demand for better comprehending and 
describing the hydroclimatic system. During the last decades, as the problems and our needs scaled 
up, the scientific research related to the Mediterranean climate focused on three major categories; 
paleoclimatology, (hydro)meteorology and numerical/stochastical modelling. We can say that in 
general terms they correspond to the study of the past, the present and the future.  
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 (PALEO-)  CLIMATOLOGY IN THE 2000S  
During the last decades climate science has received an increasing popularity. Back in 1990, the 
sum of all studies containing the words “climatic reconstruction” was close to 3 700 according to 
Google Scholar search engine. Nowadays the papers’ amount is tenfold when, for example, the word 
“mean” has only been doubled1. This can be mainly assigned to the anthropogenic warming 
hypothesis and the extreme alarmism some of the first studies about climatic change reproduced. It 
soon became apparent that in order to distinguish if the observed change lies within the interval of 
natural variability then its past evolution should be explored.  
Since the beginning of the third millennium many different reconstructions of the global or 
northern hemispheric temperature have been published, acknowledging the recent increase. 
However, some of them suggest that it is unprecedented during the last two thousand years [233, 
234], while others claim the opposite [3, 215]. The on-going debate highlighted the methodological 
differences between the reconstructed records, which are linked to the proxy types used, as well as 
the discrepancy between paleoclimatic results and the numerical model simulations [56, 106]. The 
discussion on the range of climatic variability is far from over and this study tries to make a small 
contribution to it. 
STOCHASTIC ANALYSIS VS DETERMINISTIC APPROACHES IN CLIMATE SCIENCE  
Stochastic analysis and modeling has been used widely in hydrology, a scientific area closely 
connected to climatology through the substantial role of water. Contrary to the deterministic 
climate models, also known as General Circulation Models (GCMs), it attempts to determine the 
system’s magnitude of variability and quantify the overall uncertainty, instead of making 
predictions of its exact future state. Since GCMs still fail to model the statistical properties of the 
system, both in regional [10] and global level (FIGURE 1.1), their predictions cannot be truly 
validated; especially when the discussion on the limitations of numerical modelling goes far deeper. 
The milestone work of Lorenz [217] on non-linear differential equations, has demonstrated that the 
instability of their solutions is strongly influenced by small modifications in the initial conditions.   
All the above are some of the factors that motivated this study. The strongest one however, was 
the work of Koutsoyiannis [183, 184, 187, 189, 193], who further developed Hurst-Kolmogorov’s 
works and implemented it in the climatic system, showing that the natural variability could be 
much higher than regarded. The increasing number of paleoclimatic reconstructions, allows a 
thorough investigation of the long-term features of hydroclimatic variability and the confirmation 
of the Hurst-Kolmogorov (HK) behaviour. Both of these subjects have been covered extensively in 
this thesis, as well as, the spatial correlations between the Mediterranean region and the 
hemispheric/global atmospheric circulation patterns.  
                                                             
1 It must be noted that for more common search keywords, such as the word “comparison”, the difference 





FIGURE 1.1 Ratios of temperature instrumental data2 versus model results3 during the period of 1850-2010 in 
terms of a. coefficient of variation and b. skewness. 
  
                                                             
2 Data derived from CRU TS3.22 2.5° gridded dataset (See also Section 3.1).  





1.2 Thesis overview and contributions 
This thesis investigates the auto- and cross-correlation of temperature and precipitation over the 
Mediterranean region in different temporal and spatial scales. It begins in Chapter 2, where the 
theoretical background of the stochastic framework is presented, both in terms of literature review 
and explanatory examples of some of the HK process properties. The core of the analysis can be 
found at Chapter 3, where the presence of HK behaviour in temperature and rainfall records is 
investigated. The links between HK behaviour and time scale, as well as the effect of deterministic 
components, such as orbital forcing, are discussed in Chapter 4, whereas in Chapter 5 the existence 
of any possible deterministic compents in space is assessed in the form of atmospheric 
teleconnection patterns in different temporal scales. The two following Chapters focus on the 
implications of HK behaviour over smaller spatial scales; in Chapter 6 the change in rainfall at 
Greece is explored, while in Chapter 7 the influence of a changing climate to water works and 
societal change is discussed for a typical Mediterranean island; Crete. Finally, the study is concluded 
in Chapter 8 with a critical review on its limitations and weaknesses. 
The main scientific contributions of this thesis are in the fields of stochastic climatology, 
paleoclimatology and hydrometeorology: 
 An extensive survey of the numerous applications of HK framework over climate and other 
scientific areas was conducted [266], presenting the numerous natural and artificial records 
displaying  HK behaviour. 
 HK behaviour was determined in a widespread dataset of instrumental and reconstructed 
records over different time scales for temperature [181, 239, 240, 241] and precipitation 
[155, 242]. 
 The effect of deterministic periodic factors, such as orbital forcing (Milankovitch theory), to 
the identification of HK behaviour was assessed [241, 244]. 
 The change in dependence structure of rainfall over time scale is addressed [242], disputing 
some recent findings, which had devalued the rainfall proxy record reconstructing 
efficiency [56]. 
 The spatial cross-correlation of extreme rainfall and teleconnection pattern indices over the 
Mediterranean region shed some light in the links between atmospheric circulation and 
maxima/minima in daily, monthly and seasonal scales [245]. 
 Some robust evidence of the existence of the same teleconnection structure over the last 
thousand years are presented [238]. 
 The observed change in rainfall over Greece during the last 60 years was analysed and its 
statistical significance was estimated [84, 194, 243]. 
 Finally, the climatic history of Crete was reconstructed and the implications of the strong 
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2.1 Main concepts and definitions 
RANDOM VARIABLES AND STOCHASTIC PROCESSES  
Following the definitions of Koutsoyiannis [188, 194] for the HK framework, we define x as a 
random variable representing a physical quantity and x any other regular variable. 
Correspondingly, x(t) is defined as the stationary stochastic process of an instantaneous physical 
process at continuous time t, with a marginal distribution F(x) := P [x(t) ≤ x] and a marginal 




 and use the upper case notation both for random and regular variables. 
The above definitions refer to continuous time and in order to apply them to the natural 
systems, their discrete time processes should also be defined. Hence, we use xT and XT to denote the 
instantaneous and cumulative processes sampled at spacing T. For example, 𝑥𝑖
(10)
 could be a 
discrete process measured every 10 time units. The realizations of the instantaneous process are xi, 
with i = t/T, meaning that for this process 𝑥20
(10)
 measurement corresponds to 200 time units. 









, as a form to express the aggregation of a process as the scale gets larger; 
e.g. aggregating daily to monthly temperature records.  
To clarify all the above notions an application to a hydrological variable is provided as an 
explanatory example. The variable presented here is stream flow q, described by the instantaneous 
process q(t) and its cumulative counterpart Q(t), which is actually the volume of water V(t) 
accumulated over time t. Let’s assume that we get daily measurements from a gauge station and our 
aim is to estimate q(t) in ten day intervals. The daily record is the instantaneous sampled process 
qday and the averaged process would be 𝑞 day
(10)
. If we want to refer to a specific realization of the 
aggregated process, such as the 6th value of the time series, then the notation 𝑥6
(10)
 is used. 
Finally, the average of the process x(t) would be μ := Ε[x(t)], its variance 𝛾0 := Var[xT] and 
σ0 := √𝛾0  its standard deviation, while for the cumulative process it will be M(t), Γ0(t) and Σ0(t) 
respectively as they are non-stationary. In general, we use small letters for the statistical properties 
of the instantaneous processes and capital letters for the cumulative ones. For the averaged process 
the superscript of the scale is used, while the statistical estimators of sample moments are 
described by the ‘^’ symbol. To this end, γ(Δ) is the function describing variance over scale of a 
continuous process, initially defined as [188]:  






, 𝛤(𝑡) ≔ 𝑉𝑎𝑟[𝑋(𝑡)] (2.1) 
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where γ(Δ) the climacogram and Γ(t) the cumulative climacogram of the process. We can see that 
they are the variances of the averaged process and the cumulative (note that Γ(0) = 0 and γ(0) = γ0), 
as functions of time scale Δ or time t respectively. This formulation can be used to examine the 
behaviour of time series in different scales and determine the presence of HK behaviour, also 
named as climacogram [185], which will be thoroughly discussed in Section 2.3. 
CROSS-CORRELATION AND (AUTO)COVARIANCE  
The cross-correlation coefficient of two random variables x and y is defined as: 
𝜌𝑥,𝑦 ≔  
Cov [𝑥, 𝑦]
√Var[𝑥]Var[𝑦]
  (2.2) 
where Cov is the covariance formulated as:  
Cov [𝑥, 𝑦] ≔ E [(𝑥 − 𝜇𝑥) (𝑦 − 𝜇𝑦)] (2.3) 
Cross-correlation is one of the most excessively used tools in the investigation of possible links 
between two or more natural processes, which is also used in this study. Therefore, two 
considerations regarding its implication should be highlighted; that correlation does not imply 
causality and that cross-correlation is a linear measure (see Figure 2.1).  
 
FIGURE 2.1 An example of four different pairs of variables that share mean, variance and cross-correlation 











































We can apply equation (2.3) to a single random variable in order to estimate the correlation 
between its values in different time lags. If τ is the time lag then (2.3), describing now the auto-
covariance, becomes: 
Cov [𝑥𝑖, 𝑥𝑖+𝜏] ≔ E [(𝑥𝑖 − 𝜇) (𝑥𝑖+𝜏 − 𝜇)] (2.4) 
and the equation (2.2) defines the auto-correlation coefficient ρi for time lag i: 
𝜌𝑖 ≔  
E [(𝑥𝑖 − 𝜇) (𝑥𝑖+𝜏 − 𝜇)]
𝑠2
  (2.5) 
In general, the theoretical auto-covariance function of a stochastic process is defined as [188]:  









for the continuous and discrete time process respectively (note that Δ is the difference operator). 
The auto-covariance or auto-correlation function (ACF; a full list of all abbreviations can be 
found at Appendix A) and its graphical representation as a plot of ρi versus i (correlogram) is used 
to examine the structural properties of a time series in terms of short or long term persistence. It 
must be noted though, that recent findings showed that the use of this methodology, when we 
examine the long term properties of a time series, may result in strong biases and thus be quite 
misleading [85]. 
WHITE NOISE AND AUTOREGRESSIVE  PROCESSES   
A stochastic process w(t) is called  white noise (WN) if its values w(ti) and w(tj) are uncorrelated for 
every ti and tj ≠ ti. A white noise process is considered to have a mean of 0 and any marginal 
distribution. The non-correlation assumption of the white noise is fundamental in the classical 
statistical framework, and may lead to significant underestimation of the uncertainty as will be 
shown below when there is correlation. 
An autoregressive process (AR), is a stochastic process whose current value is expressed as a 
finite, linear sum of the previous values of the process and a white noise term. In discrete time, it 
can be expressed as: 
𝛼𝑖 = 𝜆1𝛼𝑖−1 + 𝜆2𝛼𝑖−2 + ⋯ + 𝜆𝑝𝛼𝑖−𝑝 + 𝑤𝑖  (2.8) 
and called an autoregressive process of order p or AR(p).  
The autocorrelation function of the 1st order AR process will be ρi = 𝜆𝑖, for i ≥ 0, and it will 
decay exponentially to zero if λ > 0 or will decay exponentially and oscillate in sign if λ < 0 [50]. An 
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AR(1) process, is also called a Markov process, because its formulation implies that its future state 
is only dependent to its present state and not the past ones. Although this simplicity and parsimony 
made its application very popular, it has been shown that is an ideal case without a plausible 
physical explanation, not yet verified in the natural phenomena [188]. 
The AR(1) model with positive and relatively high λ exhibit a behaviour called short-term 
persistence (STP). This notion refers to the tendency of the consecutive values of a time series to 
remain in a close range for a short period of time. In the AR(1) model, due to equations (2.4) and 
(2.8) this means as λ gets closer to 1 it is more likely the consecutive values are both larger or 
smaller than the sample mean. This can also be illustrated by producing a large sample of synthetic 
AR(1) time series with μ = 0, σ = 1 and an increasing ρ in (0.5,1) by Δρ = 0.01; and estimate the 
empirical probability of the relative position of the consecutive values regarding the sample mean 
(TABLE 2.1 and FIGURE 2.2). The confidence intervals of 95% were determined with Monte Carlo 
simulation (1000 iterations for each ρ)4. 
 The anti-persistent behaviour emerges in the opposite case; i.e. when consecutive values are 
more likely to alternate position with respect to the mean. This is the case for negative values of ρ in 
the AR(1) model, and due to symmetry the same probabilities described in TABLE 2.1 and FIGURE 2.2 
apply but with the opposite meaning.  
                                                             
4 In this study confidence intervals will always be determined with Monte Carlo simulation, unless otherwise 
stated. 
TABLE 2.1 Empirical probability of two consecutive values with different sign (μ = 0) at specific values of ρ. 
ρ 0.51 0.6 0.7 0.8 0.9 0.99 
P(xixi+1 < 0) 0.49±0.04 0.44±0.04 0.37±0.04 0.30±0.03 0.20±0.03 0.04±0.02 
 
FIGURE 2.2 Empirical probability of two consecutive values with different sign (μ = 0) and confidence intervals 
of p = 0.95 determined by Monte Carlo simulation. 
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 THE HURST-KOLMOGOROV PROCESS  
Long-term persistence (LTP), like in the short-term one, is the behaviour that emerges when the 
values of time series are maintained in a close range for longer periods of time. Hurst [147] firstly 
identified by in his study of long term fluctuations of the river Nile and was described as the 
tendency of high values to follow high values and low values to follow low ones. Unknowingly to 
Hurst, A. Kolmogorov had already proposed a stochastic process that described this phenomenon a 
decade earlier [171], although both the process and the natural behaviour became widely known 
after the works of Mandelbrot and Wallis [230] and Klemeš [169]. Over the years, this 
mathematical process (or variants thereof) has be given many names, such as fractional Gaussian 
noise (fGn), brown noise, fractional ARIMA process (fARIMA) or self-similar process, while the 
natural behaviour has been called the Hurst phenomenon, long-range dependence (or memory), 
long term persistence or scaling behaviour [189]. Here, when referring to the relevant natural 
behaviour, the stochastic process, or the related stochastic dynamics, we prefix them with the term 
Hurst-Kolmogorov in order to acknowledge the contribution of the two pioneering researchers.    
The process is defined by a simple power-law relationship of its standard deviation 
𝜎(𝑘) = 𝑘𝐻−1𝜎 (2.9) 
where σ ≡ σ(1) and H is the entropy production in logarithmic time [187], more commonly known as 
the Hurst coefficient and takes on values between 0 and 1. For H > 0.5, the process exhibits LTP, 
while for H < 0.5 the process is anti-persistent. Thus, equation (2.9) represents a natural behaviour 
(the HK behaviour, described in Section 2.3), defines a stochastic process exhibiting this behaviour 
(the HK process), and describes the stochastic dynamics of this process (the HK dynamics 
framework).  
The equation (2.9) can be reformulated for the averaged process according to Koutsoyiannis 
[188] as: 
𝛾(𝛥) = 𝜆(𝛼/𝛥)2−2𝛨 (2.10) 
for dimensional consistence as in fact parameters α and Δ control the variance of the process and 
thus are not separate parameters. Based on this formulation the ACF of the discrete averaged 
process is found to be as [183]: 
cT






|j − 1|2H + |j + 1|2H
2
− |j|2H) (2.11) 
which leads to higher values for ACF for longer lags. 
The HK dynamics has been identified in a significant number of geophysical and artificial 
records and is the main theoretical background used in this thesis. Therefore it will be presented in 
more detail in the Section 2.3. 
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THE POWER SPECTRUM  
Another tool with an excessive use in the stochastic analysis is the power spectrum defined in 
terms of the Fourier transform of the process x(t) autocovariance [273] as : 




where w is the frequency for the continuous time, while in a discrete time process becomes: 




with ω the frequency for a discrete time. 
The power spectrum has two major utilizations as a tool to estimate the distribution of the 
power of a time series over frequency. The first is the identification of any periodicities in the data, 
which may be seen as spectral peaks under certain frequencies; this approach was also used in this 
study. Secondly, it is used to detect power-law or exponential behaviour during a model selection 
procedure, by examining its slope in logarithmic space. However, Dimitriadis and Koutsoyiannis 
[85] showed that the outcome of this methodology might be considerably biased and therefore it 
has not been used in this manner.  
It should be underlined though, that even when it is used to analyse a time series in simpler 
harmonic functions, it is crucial to examine the statistical significance of spectral peaks. A robust 
way to achieve this is to compare it with the confidence intervals of the underlying theoretical 
process. As can be seen in FIGURE 2.3, different processes are expected to have quite different 
behaviour; e.g. the white noise model (FIGURE 2.3a) presents smaller random peaks in the larger 
scales than the AR(1) (FIGURE 2.3b) and HK model (FIGURE 2.3c). Thus, in order to verify the 
significance of any spectral peaks we have also to examine the ACF structure of the data and 
estimate the H coefficient. 
 
 
FIGURE 2.3 Comparison of mean spectrums of different stochastic process: a. white noise, b. AR(1) with 
ρ = 0.5 and c. HK with H = 0.85. Solid black line is the mean of 10 000 iterations, while dotted grey lines 
depict the 95% confidence intervals. 
(a) (c) (b) 
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2.2 Literature review of the HK dynamics theory 
A  SHORT H ISTORY OF HK  DYNAMICS  
In his pioneering work, Hurst [147] established the following relationship, also known as Hurst’s 
Law: 
𝑅𝑛/𝑆𝑛  ∝  𝑛
𝐻 (2.14)  
where 𝑅𝑛 is referred to as the adjusted range of cumulative departures of a time series of n values, 
𝑆𝑛 is the standard deviation, 𝑅𝑛/𝑆𝑛  is referred to as the rescaled range of cumulative departures, 
and H is the parameter, later referred as the Hurst coefficient. In order to determine H in 
equation (2.14), Hurst used the following relationship:     
𝑅𝑛/𝑆𝑛  =  (𝑛/2)
𝐾 (2.15)  
where K denotes the resulting estimate of the (population) coefficient H, whereupon 
𝐾 = (log𝑅𝑛 − log𝑆𝑛 )/ (log 𝑛 − log 2) (2.16)  








  (2.17)  
The discrepancy between Hurst’s average value of 0.73 for H and the theoretical value of 0.5 led to 
the established of the term ‘Hurst Phenomenon’ [213].  
The first approach for a theoretical framework and a model describing the Hurst Phenomenon 
was developed by Mandelbrot and Van Ness [229], who acknowledged that Kolmogorov [171] was 
the first to introduce a stochastic process with such behaviour. By analogy with Brownian motion, 
they defined fractional Brownian motion (fBm) 𝐵𝐻(𝑡) as a process in which past, independent 
increments of Brownian motion 𝐵(𝑡) of Brownian motion 𝐵(𝑡) from time -∞ to t are weighted by 
time lag (𝑡 − 𝑢) raised to the power (𝐻 − 0.5) where H is the Hurst exponent satisfying 0 ≤ 𝐻 ≤ 1.  
𝐵𝐻 (𝑡) is a continuous time stochastic process with self-similar increments such that, if the time-
scale is changed in the ratio T, where 𝑇 > 0, the functions (𝐵𝐻 (𝑡) − 𝐵𝐻 (0)) and 
𝑇−𝐻 = (𝐵𝐻 (𝑇) − 𝐵𝐻 (0)) are governed by the same probability law [229]. An important 
consequence of the power-law form of  𝐶𝐻 (𝑘) is that realizations of fGn will be rich in random low 
frequency fluctuations, which is also reflected in their spectrum (already show in FIGURE 2.3c) which 
is 
𝑆(𝑓)  ∝  𝑓−𝛽    (2.18)  
where 0 < 𝛽 = 2𝐻 − 1 < 1 and 0.5 < 𝐻 < 1. 
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However, the fGn model introduced the concept of infinite memory which is not physically 
realistic. Klemeš [169] was the first to highlight that and also posed the question of what memory 
length might be plausible for hydrological systems. Instead of a system with memory he formulated 
a shifting mean model based on Gaussian independent synthetic series, whose mean value could 
alternate after intervals of different length between two different values. His model was able to 
reproduce Hurst behaviour, by choosing a suitable distribution for the interval lengths, and 
sampling the fluctuations in the mean from a Gaussian distribution with different standard 
deviations.  
Another widely known modelling attempt involves the fractionally differenced FARIMA (p, d, q) 
models [119, 120, 141]. Their ACF would have the form: 
𝐶𝑑 (𝑘)  ∝  𝑘
2𝑑−1    (2.19)  
where d is a fractional differencing parameter satisfying −0.5 ≤ 𝑑 ≤ 0.5, and p and q are the orders 
of the autoregressive and moving average components. By comparing the exponents in 
equations (2.15) and (2.19), 𝑑 =  𝐻 − 0.5.  This approach was based on the existing autoregressive 
- moving average (ARMA) models, but has the advantage that it can be used to estimate explicitly 
both the short-term and long-term properties of a time series, whereas the later can only do this 
implicitly, and asymptotically have H = 0.5.   
During our century further steps were made to explain and model the Hurst Phenomenon. In a 
series of papers Koutsoyiannis [183, 184, 187] has brought a fresh perspective to the Hurst 
Phenomenon and scaling behaviour, with a particular focus on interpreting and modelling ‘change’. 
In [183] he simplified the previous complex mathematics behind fGn by presenting its essential 
properties in a few equations. He suggested that the modelling of Hurst behaviour should be 
undertaken using a process with multiple scales of fluctuation and no memory, and showed that 
such a shifting mean process can be used to approximate fGn. He then presented three algorithms 
for generating approximations to fGn based on (a) a multiple time scale fluctuation (MTSF) 
approach; (b) a disaggregation approach and (c) a symmetric moving average approach. The MTSF 
algorithm was used in this study for all the  generations of synthetic time series exhibiting Hurst 
behaviour.  
Another important contribution by Koutsoyiannis [184] was the linkage of HK behaviour with 
the climate, which offered another view in the recent, so-called anthropogenic, rise in global 
temperature (described extensively below). Furthermore, he coined the term climacogram [185] to 
name the stochastic tool that provides a multi-scale characterization of variability as a function of 
the variance versus the scale, typically presented at a double logarithmic plot (see Section 2.3). 
Recently, he showed that HK behaviour could be reproduced by maximizing entropy, a quantified 
measure of uncertainty, offering a possible answer to the question of what physical mechanisms 
might account for the phenomenon [187, 188]. Interestingly, he showed that the Hurst coefficient is 
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precisely equal to the entropy production in logarithmic time, which for a stochastic process with 
Hurst behaviour is constant at all time scales. 
THE OMNIPRESENCE OF HK  DYNAMICS  
The discipline of hydrology has commonly been an “importer” of ideas, techniques and theories 
developed in other scientific disciplines. The insights of Hurst, however, are a rare exception as 
Hurst’s work has been seminal in many areas of science and technology. 
It is possible to trace the dissemination of Hurst’s findings in fields outside hydrology by 
studying bibliographic databases. A simple search of the scientific citations of the original 1951 
paper in the Google Scholar database indicates that the dissemination of Hurst’s work occurred in 
four distinct periods (FIGURE 2.4). The first was a rather quiescent period of approximately 20 years 
when only about 20 citations appeared, with most being self-citations or references appearing in 
conference proceedings within hydrology.  
This dissemination period ended dramatically with the work of Mandelbrot, initially with van 
Ness [1968] and then with Wallis [230, 231], which expanded the awareness of the Hurst 
Phenomenon within the hydrological community, and also promoted it beyond hydrology. As 
already mentioned, the ground-breaking paper of Mandelbrot and Van Ness [229], which 
introduced the fBm, clearly acknowledged that Kolmogorov [171] and later some others (see 
references in Mandelbrot and Van Ness [229]) had already recognized this process. This highly-
cited paper (TABLE 2.2) has played an important role in the dissemination of Hurst’s work to multiple 
scientific communities. Mandelbrot’s [228] book on ‘The Fractal Geometry of Nature’ exploded the 
field of fractals which also owes something to Hurst. 
 
FIGURE 2.4 Number of citations per year of Hurst’s original paper (bars; adding up to 3752 citations) and 
papers in which one or more of the phrases “Hurst coefficient”, “Hurst exponent”, “Hurst parameter”, “Hurst 
effect” or “Hurst phenomenon” appear (solid line; summing to 22755 citations). Data from Google Scholar as 
of March 2014. Notice the logarithmic scale of the vertical axis. 
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In his original paper, Hurst noted that other geophysical time series, e.g., rainfall, temperature, 
pressure, tree-ring widths, lake varves and sunspot numbers, have similar behaviour to the runoff 
of Nile by estimating H for each one of them. Mandelbrot and Wallis [231] took his analysis one step 
farther by applying the rescaled range (R/S) method to the time series of the above-mentioned 
variables (except sunspot numbers which is unique), as well as to earthquake frequency. They 
confirmed Hurst’s findings, and demonstrated that the Hurst phenomenon is a characteristic 
feature of different geophysical records.  
Voss and Clarke [362] showed that Hurst behaviour, in the form of 1/f noise, is found in 
different types of music (classical, jazz, etc.). They produced random music compositions based on 
three distinct stochastic models (white, 1/f and 1/f2 noise) and evaluated the response of a wide 
range of listeners to hearing the compositions. Greene and Fielitz [122] introduced Hurst’s work to 
economics, and more specifically to common stock returns. Using the R/S technique, they estimated 
the Hurst coefficient for 200 daily stock return series and found that the majority exhibited Hurst 
behaviour. However, the mean of H was close to 0.6; thus, a debate about the results ensued. The 
most widely recognized paper challenging Greene and Fielitz’s findings was that of Lo [214], which 
reached 1800 citations and, despite representing an opposing perspective, made Hurst’s finding 
well known beyond the boundaries of hydrology.     
During the late 1970s there were also some references to Hurst’s paper, though not to his 
finding. The works of Ellaway [91] and Sadler [310] fall into this category. As in Hurst’s original 
work, Ellaway used a cumulative sums procedure in neurophysiology to detect a change in the 
mean of peristimulus time histograms associated with neuron responses to stimulus. He asserted 
that the use of the cumulative sums technique decreased the number of clinical trials required to 
investigate the behaviour of nerve cells. Sadler [310] presented suggested that the accumulation 
rate is time dependent and hinted that this might be reflective of the Hurst phenomenon. Although 
he never quantified this supposition, he introduced Hurst’s work to the field of geology, with 
references also to the works of Mandelbrot and Wallis [231] and Klemeš [169]. In the field of 
statistics, Hosking [141] and Beran [38] are the key researchers who further developed Hurst’s 
work. The former introduced the FARIMA model to generate synthetic time series exhibiting Hurst 
behaviour; the latter, with his book “Statistics for Long Memory Processes”, offered a robust 
statistical framework for further analysis and development in other fields of research.  
Finally, during the latter half of the second dissemination period, the Hurst Phenomenon was 
introduced to medical science through the work of Kobayashi and Musha [170], who examined the 
spectrum of the heartbeat interval of healthy subjects.  Their findings indicated that the heartbeat 
spectrum has a 1/f-like shape, suggesting Hurst behaviour. Notably, during the early ’80s, many 
researchers used the power spectrum to detect the Hurst Phenomenon. Peng, Buldyrev [279] 
investigated Hurst behaviour in DNA sequences comparing coding and non-coding DNA. In their 
later work  Peng, Buldyrev [280] they introduced Detrended Fluctuation Analysis (DFA), an 
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alternative method to identify and quantify Hurst behaviour with some advantages over spectrum-
based methods.   
The third period of dissemination of Hurst’s work comes with the publication of [206, 207], 
whisch presented evidence of Hurst behaviour in Ethernet LAN traffic. They analysed records with 
hundreds of millions of data points and determined the Hurst coefficient using Whittle’s Maximum 
Likelihood Estimation approach to be near 0.8. Their results had a significant impact on the field of 
informatics and the modelling of network traffic, which is reflected in the number of citations that 
appeared in the scientific literature (7 316). During this period the number of annual references to 
Hurst’s original paper, or to his theory, increased exponentially. Other disciplines contributing to 
this tally include transport engineering [259], astrophysics [307], ecology [130] and, more recently, 
climate science and climatology (see the following Section). An overview of the key papers in each 
field and their impact as quantified in terms of citations appears in TABLE 2.2. 
TABLE 2.2 Top cited papers (from journals) with reference to Hurst’s work in different scientific fields (two 
from each one) and their impact in terms of citations (data from Google Scholar as of March 2014). 
Field Reference Subject Citations 
Statistics & Stochastics   
 Mandelbrot and Van Ness [229]  
Hosking [141] 
Fractional Brownian Motion 
FARIMA model  
5005 
541 
Geophysical Sciences   
 Mandelbrot and Wallis [231] Sadler [310]‡ Geophysical records 
Sediment accumulation rate 
863 
572 
Physics   






Economics & Finance   
 Greene and Fielitz [122]  
Baillie [27] 




Medical Sciences   
 Ellaway [91] 





Biology    
 Peng, Buldyrev [279]‡ 
Arneodo, d'Aubenton-Carafa [19]‡ 




Information Sciences   
 Leland, Taqqu [206], Leland, Taqqu [207]  
Frost and Melamed [108] 
Ethernet traffic 
Traffic in telecom. networks 
7316* 
667 
Climate Science   
 Koutsoyiannis [184]  
Cohn and Lins [70] 
Climatic variability 
Trends in climate 
191 
202 
*This is the sum of the citations of the [206, 207] referring to two versions of the same paper. 




HK  DYNAMICS IN CLIMATOLOGY  
Naturally, climatic processes strongly influence hydrological processes and the Hurst behaviour in 
the latter is no more than a manifestation of the same behaviour in climate. However, the 
climatological community has been, and continues to be, quite resistant to the idea that climate 
exhibits LTP. Typically, climatic variables are modelled as Markov processes, as proposed by Leith 
Leith [205], who introduced the Markov model aiming to “avoid the statistical complexity of the real 
atmosphere”. Astonishingly, subsequent publications interpreted this justification as evidence that 
climatic processes behave as Markov processes. However, Markovian behaviour is totally different 
from HK behaviour in all aspects.    
For example, in a Markov process, by definition the future does not depend on the past when 
the present is known [273], while in an HK process the entire past influences the future. 
Furthermore, a Markov model produces a relatively static climate while an HK model produces a 
highly varying climate [187]. In other words, the popularity of a Markovian climate view 
harmonizes with a perception of a static climate. With such strong conviction for a static climate, it 
is not difficult to explain the dominance of the current hypothesis that climate change can only be 
driven by external, non-natural factors, namely by anthropogenic CO2 emissions. This is the basis 
for the modern prevailing theory of climate change. 
Unavoidably, this has also affected hydrology, as expressed quite vividly in the Guidelines for 
Determining Flood Flow Frequency [U.S. Water Resources Committee, 1981]. The resistance to 
recognize change, which is the conceptual basis of HK behaviour in nature, is reflected in this 
statement: “Available evidence indicates that major changes occur in time scales involving thousands 
of years. In hydrological analysis it is conventional to assume flood flows are not affected by trends or 
cycles. Climatic time invariance was assumed when developing this guide”. Interestingly, the same 
document indicates a strong conviction that natural processes should be independent in time as 
manifested in the following statement: “In general, an array of annual maximum peak flow rates may 
be considered a sample of random independent events. Even when statistical tests of the serial 
correlation coefficients indicate a significant deviation from this assumption, the annual peak data 
may define an unbiased estimation of future flood activity if other assumptions are attained.” 
The dominance of change in nature, and the close connection of the perpetually changing 
climate with HK behaviour were pointed out several years ago, even though such behaviour was 
identified in meteorological time series at an annual scale or finer. Bloomfield [44] showed the 
significance of the selection of the statistical model in the determination of confidence intervals 
when modelling global air temperature. Although he did not mention the Hurst Phenomenon in his 
work, he was the first to introduce the use of a FARIMA process for temperature. A similar case, in 
which Hurst’s work was not explicitly referenced, was the work of Koscielny-Bunde, Bunde [175]. 
They examined daily data from 14 meteorological stations across the world and found that 
autocorrelation of all temperatures follows a similar power-law decay. They concluded that this 
could indicate the existence of a universal law describing atmospheric variability. 
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It was Koutsoyiannis [184] that made a clear link between the Hurst behaviour and climate, 
presenting not only the mathematical framework, but also a conceptual background of the finding 
and its application. Moreover, by implementing a consistent method for estimating H that takes 
statistical biases into account, he found H to be near 0.88 for a proxy temperature record of the last 
thousand years. Koutsoyiannis [184] focused on the problem of modeling a highly variable climate 
with indistinguishable contributions from natural climatic variability and greenhouse gas 
emissions. He advocated a stochastic modeling approach that respects the Hurst phenomenon, 
noting that classical statistics are deficient when used to characterize a highly variable climate. 
Koutsoyiannis and Montanari [193] also discuss hypothesis testing for LTP associated with natural 
climatic variability and anthropogenic climate change, and demonstrate, for the series that they 
analyzed, the difficulty of detecting and attributing ‘change’.  They cite the case where [308] and 
Cohn and Lins [70] focused on the detection and attribution of climate change, but arrived at 
essentially opposite conclusions concerning the relative roles of natural dynamics and 
anthropogenic effects in explaining recent warming. They conclude that the available statistical 
methodologies are not wholly fit-for purpose; indeed, Cohn and Lins [70] suggest that “From a 
practical standpoint…..it may be preferable to acknowledge that the concept of statistical significance 
is meaningless when discussing poorly understood systems”. 
Finally, Koutsoyiannis [186] highlighted the use and misuse of the term ‘climate change’, and 
argued that it is redundant and non-scientific, since the climate has always undergone change. He 
provides a case study of the water supply system for Athens to demonstrate how the uncertainty 
over future water availability was quantified using HK dynamics, in the absence of credible 
predictions from General Circulation Models (GCMs). In the event that credible predictions of future 
changes (e.g. associated with known features such as El Nino or greenhouse gas emissions) are 
available, then they can be incorporated into the HK approach.  
Until recently, the climatology community and the Intergovernmental Panel on Climate Change 
(IPCC) refused to recognize the connection between HK behaviour and climate. Ironically, it is only 
after the so-called “pause”, i.e. the rather stable global temperature of the 21st century, which the 
IPCC in its fifth Assessment Report acknowledged the importance of natural climatic variability and 
its statistical implications. Yet this acknowledgment is indirect, as indicated in the following 
statements in Alexander, Allen [4] such as “No attempt has been undertaken to further describe and 
interpret the observed changes in terms of multi-decadal oscillatory (or low-frequency) variations, 
(long-term) persistence and/or secular trends”, as well as, “Trends that appear significant when 
tested against an AR(1) model may not be significant when tested against a process which supports 
this ‘long-range dependence’.” [107] 
20 
 
2.3 HK dynamics: theoretical aspects 
THE CLIMACOGRAM  
To examine the behaviour of time series in different scales and determine the presence of HK 
behaviour we use a simple, yet robust, stochastic tool known as climacogram. The climacogram 
resembles the fluctuation function used in the detrended fluctuation analysis (DFA), and, in 
particular, the so-denoted DFA0 method, in which no trend filtering is used [89]. Yet the two 
notions have some differences. Namely, the climacogram uses just one single notion, the 
variance/standard deviation, with its exact meaning in probability and statistics. Consequently, the 
variance/standard deviation, as a function of scale, can be calculated for a certain theoretical model 
using probability theory and in this case we call it the “theoretical climacogram”. It can also be 
estimated by statistical calculations (i.e. from the standard estimator of variance/standard 
deviation) using data (time series) and in this case we call it the “empirical climacogram”. 
Furthermore the climacogram is simpler and more robust than other commonly used stochastic 
tools, i.e., the power spectrum (already used in several studies as discussed above) and the 
autocorrelogram [85] and it is related to them by simple transformations [185]. In addition, as will 
be shown below, the climacogram is powerful, offering easy means to combine views of different 
time series in a single graph. 
In FIGURE 2.5, some typical mathematical processes are illustrated in terms of their 
climacograms, starting with the common white noise process, which is characterized by 
independence in time. This purely random process is a specific case of the HK process, in which 
H = 0.5, so that σ(Δ) = σ/Δ0.5, which implies a constant slope θ = –0.5 in the climacogram (where 
generally the slope is defined as θ := d(ln σ(k)) / d(ln k)). On the other hand, in the deterministic, 
periodic process of equation (2) with period T (=100 in FIGURE 2.5) the climacogram has an 
oscillating shape with an upper envelope with a steep slope θ = –1, but the local slope can be even 
steeper, tending to ±∞ at values of k that are integer multiples of T [241]; and illustration in FIGURE 
2.5). Another common stochastic process is the simple Markov process or, in discrete time i, the 
autoregressive process of order 1 (AR(1)), which based on Equation (2.8) exhibits dependence 
expressed at scale 1 as 
𝑥𝑖 = 𝜌𝑥𝑖−1 + 𝑣𝑖  (2.20) 
where ρ stands for the lag-one autocorrelation coefficient (–1 < ρ < 1) and vi (i = 1, 2, …) are 











which in the example plotted in FIGURE 2.5 (for ρ = 0.75) decays to a slope equal to that of a purely 
random process (θ = –0.5, see Koutsoyiannis [183]) for scales larger than ~10. In contrast, the 
climacogram of the HK process maintains a constant slope θ = H – 1, as inferred from equation (2.9) 
or (2.10). When H > 0.5, this slope becomes milder (θ > –0.5) than in a purely random process and 
indicates long-term persistence, as contrasted to the short-term persistence represented by the 
AR(1) model. This is illustrated in the example of FIGURE 2.5, in which H = 0.9, so that the lag-one 
autocorrelation coefficient is roughly the same as in the AR(1) model, i.e. ρ = 0.75. For small scales 
the climacograms of the AR(1) and HK models are almost identical but for large time scales they 
markedly diverge. For large (climatic) scales Δ these are less predictable than white noise or 
Markov processes, in which θ = –0.5, because their standard deviation of the averaged process is 
reduced by a smaller rate as scale Δ increases. This indicates that the variation of 
variance/standard deviation with scale becomes important in characterizing predictability, 
particularly at large (climatic) scales. 
Due to the relationship between slope and H, the empirical climacogram can be used to estimate 
the Hurst coefficient for a given time series through least square regression (LSSD-H method in the 
case of standard deviation and LSV-H in the case of variance). However, this is not an unbiased 
estimator and as a consequence the empirical with theoretical climacogram may differ, especially 
for high values of H. This may result to the underestimation of H and the overall variability. 
 
FIGURE 2.5 Climacograms for: (a) a white noise (purely random) process, (b) a purely periodic process with 
period 100, (c) an AR(1) process with ρ = 0.75, and (d) an HK process with H = 0.9.  
Finally, to avoid the computational burden of Monte Carlo simulation LSSD-H and LSV-H can be 
transformed to a faster version. This can be achieved by estimating the climacogram’s slope by the 
a subset of values, whose members are given by the function 𝑆(𝑥, 𝑦) = 10𝑦𝑥 , where x and y 
integers with x  [1, 10] and y  [0, 3]. This was also verified by creating 1 000 synthetic time series 

































the faster algorithm (fLSV-H) showed that it provides a robust alternative, especially if the sample 
size of the last aggregated scale of the climacogram is not below 30. 
B IAS  
The classical variance estimator is not an unbiased estimator of the true variance if the process has 
autocorrelation. It has been shown [38] that a consistent estimator, which becomes unbiased for 









Koutsoyiannis [184] showed by Monte Carlo simulation that a good approximation for the 
estimator of standard deviation is: 
?̂? = √
𝑛 − 1/2









FIGURE 2.6 Comparison between H values estimated by LSV and fLSV methods for: a. sample size of the largest 
aggregation scale = 30 and b. sample size of the largest aggregation scale = 10. 
 
 
Here the variance of the estimator will again differ from the classical statistics (independency 









Using the classical estimators instead of the above approximation leads to underestimation of 
variance, which may become crucial as scale grows and/or for high values of H [183, 193]. 
However, when we cope with empirical data, Hurst exponent is unknown and thus equations 
(2.22) – (2.24) are not applicable. Koutsoyiannis [183] developed a method of jointly estimating the 
unknown variance and Hurst coefficient of a time series. Starting from the relationship (2.9), the 
estimation of 𝜎  and H is based on the following relationships: 
𝑠(𝛥)   ≈   𝑑𝛥 (𝐻)𝛥
𝐻   𝜎 (2.25) 
where Δ is the time scale (ranging from 1 to a maximum value Δ’ := [n/10], with n being the sample 
size), and 𝑑𝛥(𝐻) represents a correction to achieve an approximately unbiased estimator of the 
standard deviation 𝑠(𝛥). A possible approach to estimating H is to use a regression of ln 𝑠(𝛥)   on ln Δ 
to begin with, and then to use the correction 𝑑𝛥(𝐻) iteratively until convergence is achieved. A 
more systematic approach involves the minimization of an error function: 
𝑒2   (𝜎, 𝐻) ≔ ∑  [ln 𝜎(𝛥)  − ln 𝑠(𝛥)  ]2
𝛥′   
𝛥=1
/ 𝛥𝑝    (2.26) 
where the weight 1/ 𝛥𝑝   , p = 1, 2, … allows decreasing weights to be assigned to increasing scales 
where the sample size is smaller [184]. Tyralis and Koutsoyiannis [351], applied this iterative 
method to the maximum likelihood estimation of H (ML-H method), and showed that the bias is 
further reduced. However, these differences become evident only for small samples.  
 
FIGURE 2.7 Illustration of the sample size effect to determination of HK behaviour; a. On the left, the lower 
5% quantile value for the estimated H, b. On the right, probability of H < 0.55 (the value 0.55 is taken as the 
90% confidence interval for the H of a white noise process with 100 values).   
SAMPLE S IZE EFFECT  
Another consequence of bias is that it masks the HK behaviour in small samples [183]. But how 
small is ‘small’? An answer to this question could be provided with a simple Monte Carlo simulation. 




different record lengths (30, 50, 70, 100 and 200 values). Then H is estimated with the ML-H 
method followed by comparison of the values of the lower 5% quantile (FIGURE 2.7a) and the 
empirical probability that the time series will be falsely regarded as white noise, i.e. H < 0.5 (FIGURE 
2.7b).  
We observe that the minimum size length depends on the H coefficient. For example, for an 
average value of H, such as 0.7, 200 values are needed in order to restrict the 95% of the H 
estimates of the synthetic time series above 0.6 (FIGURE 2.7a), or 100 values to reduce the probability 
of considering white noise as more suitable model below 5% (FIGURE 2.7b). We also see that higher 
values of H cannot practically be mistaken for white noise for sample size above 70 years, but yet H 
could still be underestimated. Obviously, the bias due to sample size affects the estimation of H also 
counter-wise; for a theoretical H = 0.7 and a 50-value sample there is a 5% probability that the 
empirical climacogram gives a value above 0.85.     
Another way to illustrate the role of the sample size is to transform the actual simple size of a 
time series exhibiting HK behaviour to the equivalent (or effective) sample size in the classical IID 
sense. This can be obtained from  [193]:  
𝑛′   =  𝑛2 (1−𝐻)   (2.27) 
where n is the sample size of the time series and 𝑛′   is the equivalent sample size. If we estimate n’ 
for the same values of H used in the previous example then we observe that for H = 0.8, a sample 
size of 1 000 values corresponds to a sample of almost 30 values of a purely random process (FIGURE 
2.8).  
 
FIGURE 2.8 Estimation of equivalent sample size for given values of Hurst coefficient for sample size between 
10 and 1 billion values (dashed black line corresponds to white noise or classical statistics).  
We see that a ‘small’ sample size can be quite big depending on the value of H. This is very 
crucial when we study hydroclimatic variables, because in most cases instrumental records cover 
the last 50 – 70 years. Sometimes during those short time windows trends emerge, usually followed 
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by our attempt to explain the physical mechanisms that determine them. However, this could be 
also the result of HK behaviour, the very same phenomenon that Hurst [147] highlighted as “the 
tendency of the extreme values to cluster in time”. 
CLUSTERING OF THE EXTREMES  
First of all, the term extreme have to be defined. In this example the lowest and the highest 5% 
quantiles can be defined as thresholds of the extreme values and the corresponding 0.5% quantiles 
as thresholds for the rare events. To explore the effect of clustering, a Monte Carlo simulation5 is 
conducted, where the number of extremes of the same type (they are all maxima or minima) is 
calculated in ten 1000-year time windows. An explanatory comparison of three random realizations 
for the highest 5% of the values can be seen in FIGURE 2.9a; as expected for the WN process the 
number of extremes maintains a uniform distribution as extremes occur almost evenly in each time 
partition.  The AR(1) process deviates slightly from the uniform behaviour for small time lags, while 
the deviation becomes quite larger for HK behaviour. This becomes even more clear, if instead of 
single realizations the 95% confidence intervals are presented for varying threshold (FIGURE 2.9b). It 
can also be observed that as the threshold becomes higher, e.g. the case of rare events,  the 
difference between the three processes is quite less evident. An explanation to this could be the 
property of HK behaviour described by the shifting mean model of Klemeš [169] or the multi-scale 
fluctuation approach of Koutsoyiannis [183]. They both showed that an HK process may contain a 
period of an elevated local mean, when maxima are more probable to happen (such is the period 
between 4 and 6 thousand time units in FIGURE 2.9a) or on the opposite during a decreased local 
mean, when maxima are infrequent (period between 9 and 10 thousand time units, again in FIGURE 
2.9a).  
The shifting mean behaviour also affects the distribution of the temporal distance betwee two 
consecutive extremes of the same type. In the HK process the distance between consequtive 
maxima or minima may be quite higher than WN and AR(1), especially for values of H above 0.8. 
This might seem counter-intuitive, but if we examine its cumulative probability we can see that it 
holds true (FIGURE 2.10). More specifically, this figure corresponds to the question: how many time 
units are expected to pass from the present till the occurence of the next extreme? We can see that 
in the case of a white noise model we should expect to observe the extreme in the following 50 
years (at 95% confidence or 100 years for 99%), while for an AR(1) process with ρ = 0.5 this time 
period is doubled and for an HK with H = 0.8 is tripled. When we try higher values for our models 
then the return period reaches 250 years for ρ = 0.9 and 600 years for H = 0.9. Similar results were 
also found in the study of Volpi et al. [360], considering the clustering effect to the precipitation 
return period. 
                                                             
5 10 000-long samples of three stochastic processes (WN, AR(1) with ρ = 0.5 and HK with H = 0.8 and ρ = 0.5). 
The length of the time series also represents the length of Holocene (see Section 3.2).  
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This can also be verified if the number of extreme appearance is investigated for varying 
observation periods and H. The results are quite impressive (TABLE 2.3); e.g. none of the 500 highest 
values of a 10 000-record might be observed in a 1 000 time window if H = 0.9. On the other hand, 
for the same H, near 30% of the extremes (TABLE 2.3 row 6, column 6; 169/500) might be found in a 
1/10 subperiod of the data set. These findings imply that as H increases and HK behaviour becomes 
stronger, uncertainty increases as well; we might experience a period rich in extreams, or we could 
observe their absence for a long time. Thus, we conclude that as extreme values show the tendency 
to cluster, these clusters will show the tendancy to isolate themselves and create rising or 
decreasing slopes.    
TABLE 2.3 Range of observed extreme values for different observation periods and H values. 
(B) 10 50 100 500 1000 
0.5 0-1 0-2 0-4 1-9 5-15 
0.6 0-1 0-3 0-4 1-10 4-16 
0.7 0-1 0-3 0-4 0-12 3-18 
0.8 0-2 0-4 0-7 0-17 1-25 
0.9 0-2 0-7 0-9 0-29 0-43 
 
 
FIGURE 2.9 Monte Carlo simulation of extreme clustering. A single set of realizations (a) and the 95% 
confidence intervals in relation to the magnitude of threshold of the extremes (b). Dark orange represents the 
WN process, orange the AR(1) process and yellow the HK process. 
(A) 10 50 100 500 1000 
0.5 0-3 0-6 1-10 13-34 36-64 
0.6 0-3 0-8 1-11 13-37 34-66 
0.7 0-3 0-8 0-14 11-43 27-72 
0.8 0-4 0-15 0-21 3-62 14-108 





FIGURE 2.10   Empirical cumulative probabilities of next-extreme-occurrence estimated from synthetic time 
series (extremes defined as the highest 5% of a sample size of 106 values each). Line colours correspond to 
processes as in FIGURE 2.9 (dashed lines refer to ρ = 0.9 and H = 0.9 accordingly), while the purple point-
slashed line represents the 95% probability.   
SLOPES AND TRENDS  
In general, the effect of slopes has been linked with the multi-scale fluctuations that are typical in 
HK dynamics [184]. In that study Koutsoyiannis demonstrated how appropriate hypothesis testing 
(e.g. testing for a trend) should be undertaken when the underlying process exhibits scaling 
behaviour. He also showed that use of the Kendall test in trend significance estimation may be 
misleading unless the proper statistical model is used. Cohn and Lins [70] further developed this 
idea by presenting an alternative test for trend detection based on Hosking’s approach [142]. They 
also showed out that if the more realistic LTP model is used, then the p-value for the observed trend 
in global air temperature is near 0.07, which implies considerably less significance in comparison to 
the 1.8 × 10-27 or 5.2 × 10-11 for the white noise model and the AR model assumptions respectively.  
Therefore, in this study slope significance is estimated only under the Monte Carlo simulation 
context by comparing two or more statistical models. This can be achieved in two ways; either a 
given number of realizations with the same statistical properties as the sample population is 
reproduced and then the empirical distribution of the slopes is determined, or the same steps can 
be applied to a moving window (equal to the slope temporal length) in a single synthetic time series 
with a multiple length. Then, when the distribution is known the cumulative probability of the given 
slope can be estimated and therefore specify its significance. Both methods produce similar results 
(not shown here). 
A comparison of maximum slopes (at 95% confidence, based on 1 000 iterations for a subset of 24 
values of H between 0.5 and 0.9) for WN and HK processes is presented in FIGURE 2.11. As expected 
HK behaviour leads to higher slopes, reaching seven times the WN slopes for large time intervals 
and H values (FIGURE 2.11a). By specifying the value of H for each maximum slope observed and 
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plotting it versus record length (FIGURE 2.11b), we see that lower values of H produce steeper slopes 
for shorter time periods. More specifically, for a sample population below 50 (or equivalently for a 
slope of 50 time units), maximum slopes are found for H ∊ (0.5, 0.85), for a population between 50 
and 150 H ∊ (0.85, 0.9) and for larger scales H ∊ (0.85, 0.95).  
 
FIGURE 2.11 a. Comparison between maximum slope (at 95% confidence) of WN and HK processes. Value of H 
coefficient versus sample length for maximum slope observed. Colour gradient represents record length; 
random values between 50 (light orange) to 1000 (dark brown). b. In the embedded figure the period 0-150 
time units is examined in higher resolution.  
THE EFFECT OF DATA HOMOGENIZATION TO HK  ESTIMATION  
The link between HK behaviour and slopes can be also examined in the opposite way. Bhattacharya, 
Gupta [43] showed that if a deterministic trend is incorporated into a STP process then high values 
of H emerge. Obviously, this is a nonstationary process with a mean which grows indefinitely, and 
for which there may be no physical justification. However, this is a common approach of many 
instrumental data homogenization methodologies [329] and may lead to H overestimation.  
The magnitude of the slope effect in H estimation is shown in FIGURE 2.12, covering a range of 
slopes between 0.002 and 0.1. We can see that for smaller samples slope incorporation has lighter 
significance; as sample size grows then it adds some strong bias to H estimation6. As expected, the 
smaller the sample size the larger the range (with a maximum of 0.15-0.65 for a sample size of 30 
values and a slope equal to 0.002). Notably, we observe that for very small sample sizes the 
estimation of H is quite below than its actual value of 0.5. This is linked to the limitations of the ML-
H algorithm, which slightly underestimates H for so small records. 
On the other hand, aggregation of cross-correlated data, such as estimating the spatial mean to 
construct a gridded data set, usually increases Hurst coefficient (FIGURE 2.13). The term “usually” is 
                                                             





used because, if a Monte Carlo experiment is designed for cross-correlated data with H = 0.7 and 
three cross-correlation structures (weak: ρ = 0.2, medium: ρ = 0.5, strong: ρ = 0.8), it can be seen 
that if the correlation structure is weak and the number of aggregated time series is small (below 
20 for record lengths above 100 and below 40 for smaller ones), then their average lowers Hurst 
coefficient (FIGURE 2.13a).   
Finally, long term persistence could be misinterpreted as inhomogeneity in data, especially in 
the cases where no adjacent stations are available. It has been already shown that some older well-
known homogeneity tests such as the double mass curve is not appropriate for application in time 
series exhibiting HK behaviour [191]. Here, the applicability of the Student t-test is also examined 
by estimating the probability of a time series exhibiting Hurst behaviour falsely considered as 
inhomogeneous. The outcome of this Monte Carlo experiment shows that as H grows then it 
becomes more probable to falsely be identified as inhomogeneous (FIGURE 2.12). It is indicative that 
for the modest value of H = 0.7, almost half of the time series fail to pass this widely used statistical 
test. Even though today more sophisticated homogenization techniques have been developed, the 
probability of this kind of bias should not be overlooked, as most of the tests assume statistical 
independence. Also, older homogenization procedures, explicitly based on the assumption on 
independence in time, have been widely applied in existing data bases.  In addition, the infilling of 
missing values, as well as the removal of suspect outliers, reduces the variance of any time series 
and thus the value of H. 
 
FIGURE 2.12 Estimation of H coefficients for time series with varying lengths and different slopes. The slopes 
were incorporated into WN synthetic time series (1 000 per record length per slope) and H was estimated by 




TABLE 2.4 Empirical probability of false rejection of homogeneity (statistical significance p = 0.05) based on 
Student t-test of a synthetic time series of 100 values for different H (1 000 iterations for each H). 
H = 0.5 0.6 0.7 0.8 0.9 0.99 
Probability 0.05 0.22 0.46 0.66 0.79 0.95 
 
FIGURE 2.13 Change of H ratio (original vs. aggregated) for different samples sizes of aggregated time series, 
record lengths and cross-correlation coefficients (a. 0.2, b. 0.5 and c. 0.8). To produce the cross-correlated 
data the Cholesky decomposition was used, while H was estimated by the ML-H method. 
2.4 Conclusions 
One of the aims of this thesis is the investigation of the behaviour of time series in different scales; 
therefore, the Hurst-Kolmogorov framework is used. In many cases the white noise or first order 
auto-regression processe are also used, mainly for comparison reasons. HK dynamics could offer a 
better representation of hydroclimatic variables than the aforementioned stochastic models as it is 
able to reproduce change in all time scales. The main points of this chapter can be summarized in 
the following points:   
 Till today HK behaviour has been identified in many natural and artificial records. Its 
mechanism is related with entropy maximization and fluctuations on different time scales. 
 To determine the presence of HK behaviour a simple, yet robust, stochastic tool is used 
known as climacogram (a function of variance versus scale).  
 LSSD-H and LSV-H graphical methods of H estimation depict better the change of variability 
with, while the ML-E method results to smaller bias. To further reduce computational time 
(in iterative procedures) the fLSSD-H and fLSV-H methods can be used.  
 Deterministic periodic signals in a time process introduce anti-persistence to this signal 
(this behaviour will be further discussed in Section 4.1). 
 Confidence intervals or statistical significance were specified via Monte Carlo simulation.  
 The MTSF algorithm was used for generation of synthetic time series exhibiting Hurst 
behaviour.  
 Small sample size may mask LTP behaviour; in some cases even 100 values may not be 
enough. This is why paleoclimatic data could offer a promising alternative when studying 





 Extremes have the tendency to cluster. However an HK also presents higher return intervals 
between consequent highs or lows, when compared to WN or AR(1) processes. 
 The presence of HK dynamics implies steeper slopes, also in comparison with the same 
processes. However, scale plays an important role; high values of H result to milder slopes 
in smaller scales. 
 Extremes and slopes can be used as an indirect way to determine the presence of HK 
behaviour, especially with qualitative data. We will see in Section 3.2 that this is a common 
case among paleoclimatic records.  
 Data homogenization, a common technique applied in instrumental records may lead to 
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3.1 Instrumental observations 
As the title of the thesis implies the study area is the Mediterranean region. However, we have seen 
in Section 2.3 that in order to investigate the presence of HK behaviour in time series big sample 
sizes are required. In addition, HK dynamics manifests itself in different time scales [183], which is 
reflected in corresponding scale variability in space. Therefore, the data analysis will not be 
restricted to the Mediterranean boundaries, but it will be extended to both hemispheric and global 
scales. This “journey” through scales in space and in time allows us to investigate whether HK 
behaviour is a property of global climate and then determine to what extend is also featured in the 
Mediterranean region.    
The “GHCN-Monthly Version 3” dataset was retrieved via the KNMI Climate Explorer platform 
[climexp.knmi.nl]. A lower threshold of 500 (monthly) values resulted in 60 stations for 
temperature and in 129 stations for precipitation. Then the difference between each value and the 
1980-2010 monthly mean was estimated for temperature to remove the seasonal cycle (this 
estimate is also referred as anomaly in the literature), while precipitation records were aggregated 
to the annual scale. The statistical properties of the stations are described in TABLE 3.1 and an analytic 
list of the stations can be found at Appendix E (Tables E.2 and E.3). 
Temperature records cover a period between 1763 and 2015 with an average record length of 
90 years and a maximum at 222 years (Milano station). This corresponds to a mean sample size 
above 1000 monthly values and a low percentage of missing values, with the majority of records 
falling below 5%. Rainfall records have smaller sample sizes, as they are aggregated to annual scale 
(mean at 70), but cover similar periods (approximately 1800 – 2015) and as well as missing values 
total. Other sources of data include the CRU TS3.22 gridded dataset which was used both for  
temperature and precipitation for the period 1900 – 2013 (1368 monthly and 114 annual values) in 
2.5° resolution (10 368 time series); the aggregate global, hemispheric, tropical and oceanic mean 
 
TABLE 3.1 Properties of instrumental records derived from weather stations for temperature and precipitation. 
The numbers in parenthesis represent the mean and median correspondingly. 
 Temperature Precipitation 
Scale Monthly Annual 
Start 
1753 – 1963 
(1905/1914) 
1797 – 1965 
(1923/1939) 
End 
1857 – 2015 
(1995/2014) 
1973 – 2015 
(2001/2005) 
Length 
48 – 223 
(91/67) 
38 – 215 
(78/60) 
Sample size 
570 – 2568 
(1038/796) 




0 – 19% 
(5%/3%) 





temperature from the HADCRUT4.3.0.0 dataset (1850 – 2015 monthly records) and the lower-
troposphere temperature satellite records MSU – U. of Alabama Huntsville (1979 – 2015 monthly 
records).  
TEMPERATURE  
HK behaviour is evident in station and gridded data with the majority of values to muster around 
0.75 for both cases (FIGURE 3.1). Specifically, for the instrumental observations mean 𝐻 = 0.72 
(σ = 0.08) and for the gridded data 𝐻 = 0.77 (σ = 0.1).  These results are not spatially homogenous, 
but their variation seems to be linked to the latitude at the global scale; the tropics exhibit H values 
above 0.85, while at the higher latitudes H falls bellow 0.7 (FIGURE 3.2a). The Meditteranean Sea can 
be regarded as a transition zone, also presenting an eastwards-decreasing meridional gradient 
(FIGURE 3.2b), although it is not very clear. Aggregated data seem not to aggree with these findings, 
suggesting H = 0.94 for the global temperature  (TABLE 3.2 column a). A possible interpretation fo 
this could be the inclusion of sea surface temperature observations (SST), which exhibit very strong 
HK behaviour (H > 0.99). This has been also suggested by other researchers, who have argued that 
air and sea temperature should be described by two different scaling laws [175, 276]. Another 
possible reason for this difference could be found in the effect of aggregation, which increases H as 
described in Section 2.3.  
The satellite data (available only for the last 35 years) provide similar results and also show 
lower values of H for land in comparison to the ocean. However, the values remain quite higher 
than the station estimates (H = 0.91 for land and H = 0.98 for ocean/global), and at the same time 
there is a strong difference in the estimate of the northern hemisphere (H = 0.76 for aggregate 
record and H = 0.94 for the satellite observations). An explanation of this disagreement can be 
found at the observation period of satellite data. In Section 2.3 we have discussed how the presence 
of any slope may increase the value of H, which is the of the period 1950 – 2010, where a strong 
monotonic slope can be seen in global temperature. Indeed, if we split the obsevation period of the 
aggregated data in two subperiods then the high H values persist only in for the 1930 – 2015 period 
 
FIGURE 3.1 Empirical distribution of Hurst coefficient estimates (ML-H method) for a. temperature stations 
(Mediterranean) and b. gridded (global) data. In addition, the auto-correlation coefficient for lag 1 year is also 
estimated (c.).  
a b c 
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while during the earlier years it drops to 0.75 for the N. Hemisphere and to the 0.8 – 0.9 range for 
the other land (TABLE 3.2). Oceanic eastimates still remain above 0.9, while the HK behaviour 
remains close to 1, for the tropics. The latter can be addresed to the fact that the land weather 
station network is rather scarce at the tropics, where additionally, the ocean covers a significantly 
larger portion than the land.  
The above arguments raise a very important question: could the presence of HK behaviour in 
temperature be an artifact, due to the monotonic slope observed (and perhaps addressed to a 
deterministic factor such as CO2 emissions)? To address this issue the slope at each grid point of the 
CRU TS3.22 dataset was estimated. One can easily notice that the spatial distribution of the slopes 
(FIGURE 3.3a) does not match the corresponding of H estimates (FIGURE 3.2a), which is further 
confirmed if they are plotted against each other (FIGURE 3.3b). In addition, if we divide the gridded 
data into two observation periods (1900 – 1960 and 1955 – 2015), the earlier ones, which have 
slopes close to zero (Appendix E; FIGURE E.9a), have similar mean and distribution of H estimates 
(Appendix E; FIGURE E.9c) with the ones with steeper slopes (Appendix E; b, d). These results support 
that the cause of HK behaviour is not the recent increase of the global temperature. 
TABLE 3.2 Hurst coefficient estimates for aggregated (a) and Satellite (b) data; estimates of H for the 
aggregated time series during periods (c) 1850 – 1935 and (d) 1930 – 2015.     
 (a) (b) (c) (d) 
Global 0.94 0.98 0.86 0.97 
N. Hemisphere 0.76 0.94 0.75 0.89 
S. Hemisphere 0.96 0.93 0.88 >0.99 
Tropics 0.96 – >0.99 >0.99 
Ocean >0.99 0.98 0.93 >0.99 












FIGURE 3.3 a. Spatial distribution of monthly slopes and b. Monthly slopes versus Hurst coefficient estimates. 
PRECIPITATION  
Precipitation records suggest weaker HK behaviour both for the Mediterranean region and the 
global scale (FIGURE 3.4). The H values for the Mediterranean region are closer to 0.5 suggesting 
white noise conditions, while the global mean is a little elevated (𝐻 = 0.6). These findings are in 
good agreement with the many other studies [56, 165, 231, 278]. It should be also noted that, the 
Hurst coefficient for gridded data seems to exhibit a coherent regional distribution with higher 
values of H at both the tropics and high latitudes, and white noise values observed at the mid 
latitudes (FIGURE 3.5). A possible explanation for this discrimination could be the different 
precipitation regimes of those regions or the effect of spatial aggregation/regression used in the 
construction of the precipitation grid. 
 
FIGURE 3.4 Empirical distribution of Hurst coefficient estimates (MLE-H method) for a. precipitation stations 
(Mediterranean) and b. gridded (global) data. In addition, the auto-correlation coefficient for lag 1 year is also 
estimated (c.). 
a b 





FIGURE 3.5 Spatial distribution of Hurst coefficient estimates of gridded precipitation data: a. globally and b. 
Mediterranean region. 
3.2 Paleoclimatic data 
The field of paleoclimatic research has its origins in the first half of the 19th century when Agassiz 
[2] suggested that Earth’s climate is not static but undergoes significant changes in geologic time. 
He was the first to develop the ‘Ice Age’ theory, thirteen years after the discovery of the 
atmospheric ‘Greenhouse Effect’ [103]. Since then researchers form a broad number of different 
academic fields have developed and expanded the study of past climate; fields that include geology, 
chemistry, climatology, biology, ecology, hydrology, history, statistics, computational mathematics 
and physics. 
One of the core concepts in paleoclimatic science is the term of ‘proxy’ records. Taken from 
statistics, a proxy variable is a variable correlated, not necessarily positively or linearly, to a 
physical quantity.  The major proxy climatic records (also used in this study) include ice cores, tree-
rings, lake and ocean sediments, sub-fossil pollen, speleothems and historical archives. Each of 
these categories contains a group of different proxy variables, which can be used to create a specific 
climatic reconstruction, usually temperature and rainfall. For example, a widely used proxy variable 
for temperature is the ratio of oxygen’s stable isotopes 18O/16O (δ18Ο) estimated from ice core data; 
here, ice is the paleoclimatic archive and δ18Ο the proxy variable used to create a temperature 
reconstruction. 
Ice-core records from both polar ice caps became quite popular during the last years, 
sometimes used as indicators of hemispherical temperature change. Low values of δ18Ο correspond 
to increased average temperature and precipitation.  Besides the oxygen isotope proxy, they 
provide a variety of other proxies such as hydrogen deuterium (δD), N2 and Ar isotopes, the aerosol 
(dust) composition and the direct measurement of atmospheric gases concentration (e.g. CO2) from 
bubbles of trapped air. A significant property of ice-core records is that by examining the 
geochemical fingerprint of the volcanic ash traces, they can be matched with other sediment 




the data sets, which reach back from 400 to 800 thousand years, is based on synchronization to the 
measured profile of Beryllium-10 (10Be) cosmic isotope, which can be also used as a proxy for solar 
activity.  
Ocean sediments reach even farther in the past, presenting a picture of the climatic variability 
of the last half billion years [358]. Here the most commonly used variable is again δ18Ο, provided by 
the shells of fossil foraminifera, supported by geochemical indicators such as Mg/Ca, Si/Ar, U/Ca 
ratios, organic traces, alkenones and bulk inorganic minerals (opal, quartz, etc.). Furthermore, by 
examining the distribution of the different species of planktonic foraminifera, which live at different 
depths and reach maximum abundance at different times of the year, a wealth of information can be 
obtained regarding the composition and structure of the water column [117]. The main drawback 
of deep sea ocean sediments is their low resolution, as a single sediment layer may so compressed 
that it would represent thousands of years.  
Lake sediments, as well as speleothems (cave formations; mainly stalagmites), also belong to 
the same proxy category based in geochemical analysis. They are characterized by thinner 
resolutions, but shorter time lengths. In addition, lake sediments are rich in bulk organic material 
that can be used as bio-indicators for primal productivity and give us some insight for the ecological 
regimes of the past. Speleothems show a promising potential as they reach 500 thousand years to 
the past, can be extracted both from wet and arid regions and most importantly they can be 
accurately dated through Uranium-Thorium technique. On the other hand their complex 
geochemistry and the non-linear correlation of temperature and humidity to them amplify the 
reconstruction uncertainties. 
The same obstacle is encountered in the tree-rings and pollen reconstructions. These biological 
proxies are abundant in nature, but their interactions with the environment can be far more 
complicated. The proxy variable in tree-rings is usually their width and therefore they yield a strict 
annual chronology which can exceed 10 thousand years and in few cases they can be used to obtain 
seasonal (sub-annual) reconstructions of temperature and rainfall. In pollen records, which may 
reach half a million years under centennial resolution, the proxy variable is the distribution of the 
pollen taxa; a qualitative descriptor of warm/cold or humid/arid phases. Hence, pollen data are 
usually complementary to other proxy types, e.g. lake sediment.  
Finally, historical archives might present the finest temporal resolution among proxy types, 
which is the monthly scale. However, the uncertainties that accompany them are high due to their 
qualitative nature and the objectivity of the observer; historical records can be weather 
descriptions extracted from ship logs or scholar manuscripts, the number of religious rites linked to 
drought events, the amount of crop harvest or even the price of common nutrition commodities. 
Again other non-climatic factors may affect many of the above proxies and in addition there is no 
universal definition of “normal” climate in order to use it as an adequate comparison scale. Thus, 
historical data are also used for validation purposes of more quantitative proxy records. 
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To sum up, we can highlight two major factors concerning both proxy records and climatic 
reconstructions; record length and time resolution. As we can see in TABLE 3.3 our direct 
observations of climatic variables cover a quite short time range, when compared to the proxy 
measurements. However, the range of proxy records themselves not only differ, but as their length 
becomes longer the temporal distance between each measurement, also known as sample spacing, 
grows [256]. As a result, they cannot always be used to describe high-frequency climatic 
fluctuations, as the majority of them provide mean values aggregated from a few decades to 
thousands of years. In addition, frequently the sample spacing of a single proxy archive is not 
even (FIGURE 3.6). To overcome these hindrances and also to reduce measurement errors, recent 
developments include the combination of different proxy types into individual reconstructions 
(multi-proxy reconstruction).      
TABLE 3.3 Main types of climatic data and covered time scales. Dark orange means “frequently used”, light 
orange means “occasionally used”; Pl., Pliocene; BP, “before present” (adapted from [256]).  
Climate record Time range 
 
Holocene Pleistocene Pl. Geological epoch 
 
100 101 102 103 104 105 106 107 Years BP 
Satellite     
       Instrumental       
      Historical         
     Tree-rings           
    Speleothems 
 
          
   Pollen 
 
          
   Ice cores 
 
          
   Lake sediments             
   Marine sediments 
  
            
 
 
FIGURE 3.6 Sampling spacing versus time of the GRIP [78] ice-core record (a) and its empirical density (orange 
bars) and cumulative (dark red square-pointed line) distribution (b). Note that the distribution bins are not 





Temperature is the climatic variable analysed the most in a large number of paleoclimatic studies 
due to the anthropogenic warming hypothesis. Therefore, the majority of temperature 
reconstructions focus on the last two thousand years, such as the so called “hockey-stick” 
reconstruction [233], which  was excessively used as a proof of unprecedented change in global 
temperature. However, as more reconstructions of global and hemispheric temperature were 
created, it became obvious that there are also other periods of abrupt temperature variations7 
(Appendix E, FIGURE E.7), such as for example the Medieval Warm Period (MWP) or the Little Ice Age 
(LIA) [68, 69, 75, 94, 136, 215, 253]. As their names suggest, the MWP (900 – 1300 AD) was an 
epoch when warm dry conditions prevailed [97], while in the LIA (1500 – 1850 AD) there was a 
decline in temperature, accompanied by glacier expansion [320].  
TABLE 3.4 Global and hemispheric temperature reconstructions for the last one-two thousand years and their 
H estimates according to the LSV-H and ML-H methods. NH and SH in the second column are abbreviations for 
northern and southern hemisphere accordingly, while the asterisk (*) is used for extra-tropical 
reconstructions (30° – 90° N). Third and fourth columns refer to cal. Years, while the sixth column is the 
unbiased estimator for the LSV-H method described in Section 2.3 (See also Appendix E, FIGURE E.8). The slash 
(/) in the H estimates is used to distinguish the values of H if all the record is used and the case where the last 






LSV-H uLSV-H ML-H Reference 
Es02 NH* 831 1993 0.93/0.91 0.96/0.97 0.95/0.95 [94] 






NH 713 1995 




0.93/0.87 0.97/0.94 0.94/0.91 












CL11 NH* 1000 1975 0.94/0.93 0.97/0.96 0.91/0.88 [69] 
CL12 NH* 0 1973 0.92/0.92 0.97/0.96 0.91/0.90 [68] 
Ne14 SH 1000 2000 0.96/0.90 0.97/0.97 0.91/0.84 [262] 
 
                                                             
7 It’s still under debate whether the magnitude of the previous temperature deviations was larger than the 
one observed since the beginning of the previous century, both in terms of absolute value and rate of change. 
41 
 
The global or hemispheric reconstructions exhibit strong HK behaviour (TABLE 3.4). All but the 
DA06 – STD reconstruction have values of H above 0.96 for the unbiased LSV-H estimator and 0.91 
for the ML-H method. The high values in some cases for the ML-H method (>0.999) occur when the 
reconstructed time series is either smoothed to a certain time scale (e.g. Lo07) or interpolated due 
to missing values infilling (e.g. Ma09), and thus cannot be taken into account. In the case of DA06 – 
STD reconstruction an interesting remark can be made regarding the nature of this inconsistency. 
The DA06 reconstruction is based solely on tree-ring proxy records and two different 
methodologies have been used by D’Arrigo et al. [75] to transform the climatic signal from the tree-
ring width to the temperature variable; the traditional (STD) method and the Regional Curve 
Standardization (RCS) method. The STD approach involved de-trending and/or pre-whitening of 
the original time series, which has  a severe impact to the low-frequency variability [53, 137] and 
also leads to reduction of H (see also the effect of data homogenization in Section 2.3). This 
becomes even more evident in precipitation reconstructions discussed below. 
Another important issue is the impact of the recent increase in temperature to the intensity of 
the HK behaviour. This can be analysed in the same manner as with the instrumental data 
(Section 3.1); i.e. by removing the last 150 years of CO2 increase from each reconstruction8. 
Interestingly, the values of H, are not significantly altered and any variations lie within the limits of 
the sample size bias discussed in Section 2.3. The only exception is again the DA06 – STD record, 
which further confirms that the de-trending/pre-whitening methods should not be used in climatic 
reconstructions. In this case the majority of the existing trends are removed besides the recent one 
and hence H falls from 0.92 to 0.84. However, in all other circumstances the current temperature 
increase lies within the limits of natural variability as it is described by the HK framework.   
To further determine the limits of natural variability in regards to the recent change, an 
approach similar to the climacogram is followed. The maximum absolut difference for each 
reconstruction is estimated for a time scale subset, whose members are defined by the function 
𝑆(𝑥, 𝑦) = 10𝑦𝑥 , x and y integers with x  [1, 10] and y  [0, 1]. Scales above 50 years were not 
investigated since the aggregated time series length dropped to 20 values for the shortest 
reconstructions. In order to certify that the maximum difference is not underestimated due to the 
aggregation factor all the possible aggregation groups are estimated. Then, the normalized 
difference between each full record and the record till 1800 is calculated, which reveals if the recent 
change is unprecedented in each scale (FIGURE 3.7a). Interestingly, four out of nine reconstructions 
suggest that larger or equal changes in globlal or hemispheric temperature have been occurred 
before 1800 in all scales (Mo05, Lo07, Es02 and He07), three suggest that the recent change was 
approximately 20-40% higher than the observed differences until 1800 limiting change in the 
decadal scales (CL11, CL12 and Mo05), and only two suggest differences above 50% (Ma09 and 
Ne14), with the later showing elevated differences in the sub-decedal scales as well.  
                                                             




FIGURE 3.7 a. Normalized difference of temperature reconstructions with and without the 1800-1950 period 
per time scale. b. Probability quantiles for the maximum difference observed in each temperature 
reconstruction. 
To move one step further, the theoretical quantiles of these maximum differences were 
estimated and the ones for scale of 50 years, i.e. where the maximum difference appears to be 
highest, are presented in FIGURE 3.7b. The quantiles were determined by Monte Carlo simulation, 
using HK synthetic time series created by the MTSF method (H used for each reconstruction as 
estimated by uLSV-H presented in TABLE 3.4). The results show that the magnitude of the maximum 
difference observed in the majority of the reconstructions lies within the 75% of the possible 
maximum temperature differences generated by the corresponing HK process9 and all of them 
besides Ma09 record are within the 95% interval. This implies that the recent temperature increase 
lies within the limits of natural variability and that even if there is a link with CO2 increase then it 
would be extremely difficult to determine or prove it statistically. An example of a purely random 
time series derived from the MTSF method that strongly resembles the “hockey-stick” 
reconstruction can be found at Appendix E (FIGURE E.10) 
   
FIGURE 3.8 Empirical distribution of Hurst coefficient estimates by a. uLSV-H and b. MLE-H methods. In 
addition, the auto-correlation coefficient for lag 1 year is also estimated (c). 
                                                             
9 In other words, there is ¼ chance that a higher difference might be observed between 50-year temperature 
means. 




Regional reconstructions [133] show a slightly different picture, as most of them have lower 
values than the global or hemispheric means (TABLE 3.5). This is more profound for the ML-H 
method (𝐻 = 0.86) and could be connected to the aggregation effect described in Section 2.3. This 
is also confirmed by 20 individual annual temperature reconstructions (Appendix E; TABLE E.4) used 
in many of the hemispheric and/or global records (FIGURE 3.8). For the LSV-H method 𝐻 = 0.81 is 
very close to the instrumental global gridded dataset mean (𝐻 = 0.77), while the ML-H method 
again provides lower estimates, except for some very high values, i.e. above 0.99, due to the 
smoothing effect discussed above. This can also be seen in the autocorrelation function with a few 
records with ρ1 > 0.8 (FIGURE 3.8c), but otherwise it is in agreement with the instrumental data; if the 
high values are not taken into account,  𝜌  is close to 0.4. 
If we investigate a larger observation period, such as the Holocene (0 – 12 000 years BP), it can 
be seen that there are rich patterns in the representations of temperature variability according to 
the reconstructed records at individual locations (FIGURE 3.9). A total of 67 reconstructions derived 
from different proxy types were studied (Appendix E; TABLE E.5), and since they had uneven 
sampling they were converted to the optimal constant time step with a simple methodology 
covered in Appendinx D. The threshold for the missing values was set at 1/3 of the sample size, 
which led to a time step with a median at 95 years, the first 25% quantile at 67 years and the last at 
168 years. To reduce the uncertainty due to sample size effect in the estimation of H, H was 
determined from a subset of records with sample size equal or above the median10. 
TABLE 3.5 Regional reconstructions (PAGES dataset [3]) of the last one/two thousand years and their H 
estimates. Hurst coefficient was not determined for Africa due to small sample size (number of 







Antarctica 167 2005 0.85 0.90 
Arctic 1 2000 0.93 0.80 
Asia 800 1989 0.89 0.99 
Australasia 1001 2001 0.97 0.86 
Europe 1 2003 0.97 0.80 
S. America 857 1995 0.96 0.83 
                                                             
10 Even in this case the uncertainty component is still strong as explained in Section 2.3 about the sample size 
effect. Therefore H, was also estimated for records with sample size above 300 values and similar results 
were observed (not shown here). 
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The results showed a strong tendency for extremely high values of H (FIGURE 3.10a). This is 
linked to the very strong auto-correlation structure (ρ > 0.8), found in the majority of the 
reconstructions (FIGURE 3.9b to f and FIGURE 3.10c). Two possible explanations can be given for the 
discrepancy in the autocorrelation between smaller and larger scales; either temperature 
variability presents different behaviour in the centennial scale [175, 276], or the strong auto-
corellation structure is an artifact produced by the reconstruction methodologies [56, 106]. It must 
be noted that the GRIP reconstruction, which has the highest resolution and therefore the biggest 
sample size for the Holocene (used as an example in Appendinx D) has ρ = 0.18 and H = 0.76 in the 
10-year time step. 
 
FIGURE 3.9 Six indicative temperature reconstructions with different autocorrelation structure: a. TN057-17, 







In the records presented in FIGURE 3.9 six different cases of temperature variability can be found. 
The TN057-17 reconstruction (n = 272, ρ = 0.51, H = 0.91) is the one closest to the instrumental 
records and the annual reconstructions, exhibiting some strong alternating slopes. Abrupt change is 
observed in the ODP-658C time series (n = 105, ρ = 0.86, H = 0.96), as well as clustering of the 
extremes, a behaviour typical in HK processes. Two cases of biases in the autocorrelation structure 
are shown in the Hanging Lake and the Homestad Scarp records; in the first case (n = 70, ρ = 0.69, 
H was not estimated due to the small sample size) 11 the decrease in the time step can be associated 
with changes in the auto-correlation structure, while in the second occasion (n = 119, ρ = 0.86, 
H > 0.999) the high values for ρ and H are artifacts of the smoothing for the period before 6 000 
years BP. The corresponding values for the 0 – 6000 years BP half are ρ = 0.43, H = 0.66. Finally, 
there are the cases of smoothing combined with strong trends, either alternating, i.e. MD97-2121 
(n = 42, ρ = 0.83) or monotonic, such as M35003-4 (n = 45, ρ = 0.89), which even though they 
cannot be used in the analysis offer some evidence of slower long-term fluctuations, which are also 
linked with HK dynamics. Thus, it is very difficult to conclude to a precise value for H for centennial 
scales, but the interval of possible values could probably be restricted if H is estimated solely for 
records with ρ < 0.6 which results to 𝐻 = 0.88 (FIGURE 3.10b). 
Finally, there are some conflicting results for even larger time scales, i.e. the geological epoch. 
In the methological example of Appendinx D, it was shown that the GRIP reconstruction exhibits 
strong HK behaviour (H = 0.91) for the whole record of 200 thousand years and time step equal to 
90 years (Appendinx D).  In larger scales, though, ocean sediment records present lower values of H 
with a stronger auto-correlation structure (FIGURE 3.11). In this case, there are yet no temperature 
reconstructions available but the proxy δ18Ο records, which are linearly dependent to temperature. 
These proxy records in general exhibit lower H estimates and higher values of lag 1 ACF coefficient.  
 
FIGURE 3.10 Empirical distribution of Hurst coefficient estimates for a. Holocene reconstructions with record 
length above 100 values and b. Holocene reconstructions with record length above 100 values and auto-
correlation coefficient below 0.6. c. The auto-correlation coefficient of lag 1 for the first case. 
                                                             
11 This record was not used in the estimation of H due to its small sample size, as similarly in the cases of  
MD97-2121 and M35003-4. However, they are also distinct examples of the different types of temperature 
behaviour and hence are presented here. 
a b c 
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These counter-intuitive results, i.e. 𝐻 = 0.62, 𝜌 = 0.78, could be attributed to proxy bias; the 
HK behaviour could be a result from the properties of the proxy variable and not its climatic 
representation. However, the examination of the EPICA high-resolution ice core record [162], as 
well as the individual climacograms of the sediment proxies shows that there could be also another 
explanation for the H decrease. 
It seems that above a certain time scale between 104 and 105 years the climacogram drops  
abruptly and thus the determination of H by a single slope is inappropriate. If the separate slopes 
are estimated for the EPICA record, then H1 = 0.97 and H2 = 0.66 (FIGURE 3.12a), and H1 = 0.99 and 
H2 = 0.89 for the Hu06 record, which however is the composite of all the individual sediment 
records and thus the aggregation/smoothing effect could lead to H overestimation (FIGURE 3.12b). In 
Section 2.3 it has been shown that periodic functions create steep local slopes (FIGURE 2.5), which 
mean that this could be the outcome of any periodicities in the data. Indeed, this was confirmed by 
spectral analysis as the orbital forcing effect and it will be discussed in detail in Section 4.1. 
 
FIGURE 3.11 a. Empirical distribution of Hurst coefficient estimates and b. the auto-correlation coefficient of 
lag 1 of the temperature oceanic proxy records of δ18Ο used in Huybers (Hu06) 2.5 million year 
reconstruction [149], which are presented in TABLE E.10 and FIGURE E.13b (Appendix E).  
 
FIGURE 3.12 Empirical climacograms of EPICA and Hu06 records. Note that the EPICA is record aggregated in 
a 30-year scale (threshold of missing values at 0.33) due to uneven sample spacing, while the Hu06 record is 






Paleoclimatic reconstructions are not as numerous for precipitation as for temperature, both in 
terms of quantity and record length. They are limited only to the Holocene, while for older periods 
only qualitative representations are available, which simply discriminate wet from dry periods. 
Furthermore, till today there has not been a single reconstruction of global precipitation, even for 
the last thousand years, and only individual, site-specific or regional reconstructions can be found 
in the literature.  
Here, 68 paleoclimatic records of precipitation reconstructions located mainly in the northern 
hemisphere were used to explore HK behaviour in time scales reaching up to 12 000 years. They 
were divided into three different datasets according to the proxy variable of each reconstruction; 
tree rings, speleothems and ‘other’ (including lake sediments, pollen, corals and multi-proxy 
reconstructions). The 40 time series of tree ring reconstructions compose the largest dataset and 
have a mean sample size of 900 values at annual time scale (TABLE E.6). The two other datasets, with 
16 and 12 records correspondingly, in most cases have fewer values and varying time resolutions, 
ranging between 1 and 100 years. It must be noted that similarly to the sediment records for 
temperature the speleothem records are not reconstructions, but proxy records of δ18Ο.  
Paleoclimatic data reveal a stronger form of dependence structure to larger time scales than the 
smaller ones (instrumental records), as can be seen if FIGURE 3.13 is compared to FIGURE 3.4. This 
agrees with other relevant studies [56, 106], however, some factors should be considered regarding 
 
FIGURE 3.13 Empirical distribution of the Hurst coefficient H. Tree rings (D/P) represents the de-trended/pre-




some fundamental uncertainties about rainfall reconstruction from proxy variables. In general, we 
can divide proxy data in three categories according to their temporal resolution; high resolution 
data with annual time step (mainly tree-rings), medium resolution data with decadal time step 
(mainly speleothems) and low resolution data with centennial time increments (such as lake 
sediments or pollen data). Similarly to temperature, in the case of high-resolution tree-ring data, 
until recently, the most common approach to transform the proxy variable (tree-ring width) to the 
reconstructed one (rainfall) was through a method that the de-trended and/or pre-whitened the 
proxy time series. These reconstructions have a mean H equal to 0.5; while the rest of the records 
which are derived with more recent methods, such as the Regional Curve Standardization [52] or 
the Neural Networks [263] methods,  have a mean near 0.72.  
On the other hand, in some cases that the time series have centennial time resolution, the 
uncertainties in the correct estimation of the precipitation amount are so high that the record is 
strongly smoothed in order to depict only major shifts of the mean. These data sets (e.g. As05 or 
CC09) also have small sample sizes and thus H estimates are unavoidably pushed towards values 
that reach close to 1 (FIGURE 3.13; green diagonal lines). Even in larger data sets, i.e. speleothems, if 
the smoothing happens to be combined with a strong monotonic trend of the original data then 
again H values would falsely tend towards 1 (FIGURE 3.13; orange diagonal lines). Such estimates also 
cannot be included in the estimation of H which finally reaches 0.75 for the paleoclimatic data. 
However, they cannot be neglected either, because they provide some qualitative evidence for the 
long term change in rainfall, which includes both long term trends and abrupt shifts in the mean.    
Thus, the results suggest a value of H in the range of 0.75-0.85, which conflicts with the 
estimates of the instrumental data. Similar results led some researchers to the suggestion that 
proxy/reconstructed records are biased [56, 106, 165]. However, an alternative explanation could 
be found on a different precipitation dependency structure basis; this is described in detail in 
Section 4.2.  
3.3 Conclusions 
It was shown that both instrumental and reconstructed time series can be described by the 
HK framework. Due to data availability, only instrumental records were examined for the 
Mediterranean region in specific and the results suggested an agreement with the global regime. 
Hence, we may safely assume that these climatic variables exhibit similar behaviour with the ones 
at other locations of the planet presented above, due to the large temporal scales described by the 
proxy data. The main points of this chapter can be summarized as follows:   
 Instrumental records suggest an H value close to 0.8 for temperature and 0.6 for 
precipitation. This is independent to the recent temperature increase.  
 Temperature reconstructions are more abundant in literature and can be used to efficiently 
study HK behaviour in a range of time scales between 1 and 106 years. They suggest quite 
higher values of H reaching as high as 0.96. Precipitation records are fewer and describe 
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only the Holocene period in quantitative manner, and also exhibit higher values of H closing 
0.75. 
 The recent rise in temperature seems to lie within the limits of natural variability. Almost 
half of the examined reconstructions indicate that the observed change was not 
unprecedented in each time scale. 
 One should be careful when determining H in the reconstructed/proxy records, because 
there are some biases that could both over- and underestimate its value. Aggregation and 
smoothing lead to higher values, while de-trending and pre-whitening to lower. 
 There seems to be a link of the dependence structure with the scale. In temperature there is 
an abrupt fall between 104 and 105 years in the slope of the climacogram, while the opposite 
seem to happen for the precipitation; shorter records exhibit weak LPT, while a stronger 
LPT structure emerges for the decadal/centennial scales. Both cases will be discussed in 
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4.1 Temperature: Orbital theory and HK dynamics  
H ISTORY OF THE ORBITAL THEORY  
The term ‘orbital theory’ is used to describe the hypothesis that global climate is affected by 
changes in Earth’s orbital characteristics, such as the eccentricity, the precession of the equinoxes 
and the axial tilt or obliquity, at scales ranging from 20 to 100 thousand years or even more [39]. 
This hypothesis was set forth by Milankovitch [251], according to which, the intensity of incoming 
solar radiation during the summer solstice at high latitudes (65°) of the northern hemisphere 
(FIGURE 4.1) causes the glaciation and deglaciation periods. Direct insolation changes by eccentricity 
or insolation at the southern hemisphere are not regarded to have a clear effect to climate as 
underlined by several researchers [151, 157, 212], despite the fact that it has been shown that the 
glaciations were almost synchronous in both hemispheres [166]. Rather, glaciation cycles are 
mainly affected by precession forcing (19 and 24 thousand years) and obliquity forcing 
(41 thousand years). Thorough reviews of the historical development of the theory, as well as a full 
description of the celestial mechanics, are presented by [156] and Paillard [272].  
Recently, the orbital climate theory has been challenged by several studies arguing that it 
cannot sufficiently describe the links between climate and insolation variations [90, 257, 371, 372]. 
A well-known example of the weaknesses of the orbital theory is the mid-Pleistocene transition 
(MPT), which refers to the switch, around 900 thousand years BP, from predominant 41 thousand 
years glaciation cycles to 100 thousand years glaciation cycles. This transition occurred without a 
corresponding change in orbital forcing [285] and the duration of each of the last four glacial cycles 
increased from 80 to 130 thousand years, which suggests that major climate shifts were aperiodic 
[371]. Till today, there is no confirmed explanation for MPT, although some efforts have been made 
and some hypotheses have been formulated, including those of a glacial-modulated threshold [271], 
frequency modulation [295], possible CO2 correlation [41] and obliquity-modulated threshold 
[149].  
An alternative path to the understanding of the global climate cycles was based on stochastic 
dynamics [37, 86, 173, 277, 281, 312]. In this concept, insolation forcing could have a minor role in 
the glaciation cycles, or even could have no role at all, whereas the self-sustained internal 
variability of the climate system could be the actual driver of the glaciations [22]. Small periodic 
perturbations could be amplified by the variability of the climate system through the mechanism of 
stochastic resonance [37], which was based on the works of Hasselmann [134] and Sutera [333]. 
The former demonstrated that short-time-scale phenomena, modelled as stochastic perturbations, 
could affect long-term climate variations. The latter showed that if such stochastic perturbations 
are imported into an energy balance model with no other forcing, they could lead to random 
transitions between the equilibrium states of the model. 
In the last few years, there has been an effort to bridge the gap between the classical orbital 
theory and stochastic dynamics. Huybers and Wunsch [154] proposed that obliquity may be a more 
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important mechanism of glacial dynamics, in a nonlinear way though, and showed that the 
integrated summer insolation at high latitudes is relevant to the obliquity cycle (FIGURE 4.1b). Their 
suggestion was supported recently by high resolution empirical data [87, 218, 260, 334] and as 
Paillard [272] highlights: “the relative weight of 23 000 and 41 000 years periodicities is quite 
different with such a definition of the astronomical forcing, pleading for a more prominent role of 
obliquity on climate than usually assumed”. An important addition to the development of modern 
orbital theory is the mechanism of nonlinear phase locking, describing a mechanism in which 
obliquity can act as a pace maker for the glacial periods, amplified by the internal system dynamics 
[20, 113, 353]. On the other hand, Roe [304] showed that insolation is in good agreement with the 
change in ice volume (dV/dt) for the last million years, which led to further investigation of possible 
combination of obliquity and precession forcing [152, 153].  
 
FIGURE 4.1 Summer insolation at 65oN: (a) on the day of summer solstice, and (b) integrated over summer. 
Series (a), calculated in [204] and corresponding to Milankovitch’ insolation, shows 19–24 thousand-year 
periodicities and is precession-dependent, whereas in series (b), calculated in [149], the periodicity shifts to 

















































FIGURE 4.2 Power spectra of: (a) insolation forcing in June at 65oN (classical orbital theory; Laskar 
et al., 2004), (b) integrated summer insolation at 65oN (modern orbital theory [149]), and (c) two-million 
year temperature reconstruction [150]. In (a) the obliquity cycle at 41 thousand years (marked as 2), and the 
precession cycles at 19 and 24 thousand years (marked as 3) have similar amplitude, whereas in (b) only the 
obliquity constituent is dominant. The power spectrum of temperature reconstruction (c) agrees with (b) and 
(c) in terms of the obliquity cycle, while it contains an additional peak at 100 thousand years (marked as 1) 
which does not appear in (a) or (b). 
INVESTIGATION OF ASTRONOMICAL FORCING  
A simple comparison (FIGURE 4.2) between the spectra of Milankovitch’ insolation [204], integrated 
insolation [149] and a temperature reconstruction [150] indicates some resemblance between the 
spectra of integrated insolation and temperature in terms of merely the obliquity cycle. Namely, 
they all share a peak at the periodicity of 41 thousand years, but the last one has also one at 100 
thousand years. To see whether peaks in the spectrum of the latter series represent regular 


















































presented in FIGURE 4.2c in two or three equal parts and then compare the power spectra of the 
different parts: If a peak spotted in the spectrum represents a true deterministic periodicity, then it 
should be found in the spectra of all parts, while peaks that are due to random perturbations or 
random sampling would not appear in some of the parts. (We could continue this technique by 
splitting to four parts, etc., but this would reduce the sub-sample size and the reliability of statistical 
estimates too much). 
In this case, the only signal that remains detectable in almost all spectral densities is the one 
from obliquity (FIGURE 4.3 and FIGURE 4.4 respectively). Even in the obliquity signal, in one of the sub-
samples corresponding to the earliest period of the proxy record, the 41 thousand years periodicity 
disappears (the amplitude vanishes off) or shifts to lower values (around 38 thousand years; Figure 
4). Through this simple analysis we can verify that the 41-thousand-year signal is most likely to 
represent a real periodicity, which is also supported by other widely used reconstructions of this 
period, like that of Lisiecki and Raymo [211] and findings using wavelet analysis [212]. In 
conclusion, the debate about the exact physical mechanisms which influence the emergence of 
glaciation and deglaciation is still ongoing. This extends to a wider discussion about the overall 
deterministic or stochastic character of the glacial periods and the possible links between them.  
In this dissent, one has to notice that determinism and uncertainty should not necessarily be 
regarded as two opposite notions [185], but rather as the two sides of the same coin. Here the 
metaphor of a coin with its two sides may prompt us to think that its trajectory when flipped, 
although far too simpler than climate evolution, ironically, has an outcome that nobody is keen to 
describe deterministically.  
 
FIGURE 4.3 Spectral analysis of the temperature reconstructions by (a) Huybers [150] and (b) Lisiecki and 
Raymo [211]. Each of the reconstructions was split into two equal parts, and their power spectra were 
calculated separately. The eccentricity signal (marked as 1) appears strong in the first part of both 
reconstructions (a) and (b), but disappears in the second; the obliquity signal (marked as 2) is strong in each 
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DATA USED  
Since instrumental data are available only for a very short period of the recent past, new methods 
have been developed in the last 35 years to explore climatic variability at larger scales. 
Paleoclimatic reconstructions of local or global climatic variables use proxy data such as the 18O/16O 
isotope ratio (or its relative difference, δ18O, from a standard, such as the Vienna Standard Mean 
Ocean Water), pollen records, tree rings and many other, to infer the values of climatic variables, i.e. 
temperature, humidity, etc. Each of these proxy time series types has different time length, 
temporal coverage and time resolution, depicting only a part of the total climatic variability. For a 
more general overview, in this study we use ten temperature-related time series with time steps 
spanning from monthly to 500 thousand years and overall lengths from 30 years to ~500 million 
years, as summarized in TABLE E.10 (Appendix E; labelled by the name of first author or project). 
The highest resolution time series used are instrumental, based on satellite (NSSTC) and 
ground (CRU) data (FIGURE E.12a). The satellite record is characterized by global spatial coverage, 
while CRU data represent a fivefold time length (161 years against 32 of NSSTC). To reduce the 
effect of seasonality (within-year variability), both time series whose time step is monthly are 
temperature deviations from monthly averages (of the reference period 1961-1990). The 
temperature deviations measured by satellites have a rising trend of 1.37°C/century whereas 
station data for the same period indicate a somewhat larger trend.  
 
FIGURE 4.4 Spectral analysis of the temperature reconstructions by (a) Huybers [150] and (b) Lisiecki and 
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We can move to a coarser scale with the help of the annual-scale, multi-proxy, global 
temperature reconstructions of Moberg [253] and Lohle [215](FIGURE E.12b), where the former is 
based on tree-rings, boreholes, cave stalagmites and sediment data, while the latter adds pollen 
data but leaves out tree ring data. In these series, in addition to the recent warming trend, we 
observe that rising or falling trends are also present in other periods. For example, in the Moberg 
reconstruction at a 30–year time window we can locate a 1.7°C/century rise before the Medieval 
Warm Period (MWP) or a 2.2°C/century decrease before the Little Ice Age (LIA) in the 16th century. 
These become milder in the Lohle reconstruction, which is expected because that series is 
smoothed at the 30-year scale.  
Ice cores give us information for the last 800 000 years (FIGURE E.13) by the use of the isotope 
deuterium (δD) or δ18Ο/δ16Ο ratio, which is assumed to be linearly proportional to temperature 
[78, 162, 326]. Proxy data extracted from three one-site ice cores have been used: Taylor Dome in 
Antarctica for the 10 000 years of the undergoing interglacial period (FIGURE E.13a), GRIP in 
Greenland for the last 100 000 years (FIGURE E.13b) and EPICA, also in Antarctica, for the last 9 
glaciations/deglaciations (FIGURE E.13c). The ice-core and sediment reconstructions had varying 
time step and were converted by linear interpolation to constant time step, close to the largest 
value of the varying raw time step. The interpolation does not alter the results as will be 
demonstrated below. To maintain a satisfactory sample size, in the cases of Taylor and GRIP 
reconstructions, only the highest resolution fraction of each time series was used (note that the 
time step increases at the earliest times of the series; see TABLE E.10). 
Finally, to see farther in the past, global reconstructions from multi-site ocean sediment 
depositions were used, based also on the δ18Ο/δ16Ο ratio (FIGURE E.13). The oscillating pattern of 
glaciers’ extension and retreat, already seen in EPICA and GRIP data (FIGURE E.13b and FIGURE E.13c), 
becomes even more evident in the Huybers time series in the last 2.5 million years FIGURE E.14a). A 
0.2°C/million years decreasing trend in global temperature has been prevailing in the last 50 
million years (FIGURE E.14b), while the most important events in the last 500 million years are the 
icehouse periods described above, which are seen in the Veizer time series as low-temperature 
periods (FIGURE E.14c). This decreasing trend and the icehouse periods demonstrate that time scales 
of fluctuation, represented by HK dynamics, can be very large. 
THE COMBINED CLIMACOGRAM  
Theoretical climacograms, like those in Section 2.3 (FIGURE 2.5), are readily constructed as the 
theoretical standard deviation of any specific stochastic process at any scale is easy to calculate. 
Likewise, a specific time series can give an empirical climacogram based on the classical sample 
estimates of the standard deviation σ(k) for several aggregate scales k. 
Thus, each of the ten data series allows the construction of an empirical climacogram for 
aggregate scales k spanning from the available resolution Δ (shown in TABLE E.10) up to k = L/10 
(with L being the total length of the time series shown in TABLE E.10). With the latter choice the 
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sample of the averaged process x(k) has at least 10 data points for the estimation of σ(k), as proposed 
by Koutsoyiannis [183]. Thus, to construct the empirical climacogram we calculate an averaged 
time series for each scale (k = 1, 2, 3, ..., L/10) and then calculate the sample estimate of the 
standard deviation σ(k). Once the individual climacograms of all ten time series are determined, they 
can be  superimposed to construct a combined climacogram representative for time scales ranging 
from monthly to 50 million years (i.e., the one tenth of the length of Veizer series which is ~500 
million years). Since the units of the various series differ, those of standard deviations will differ 
too. For this reason, the climacograms of the different series are not fully compatible to each other, 
but appropriate linear transformations thereof should be compatible as they all reflect 
temperature.  
Here we are interested in the variation of standard deviation with scale, rather than the precise 
values of standard deviation. Thus, we can impose normalization by multiplying each climacogram 
by a constant value, determined so as to match the different climacograms. Assuming that a time 
series y(t) is a proxy of a process x(t) and the two are, as an approximation, connected by a linear 
relationship x(t) = a y(t) + b, the two climacograms σx(k) and σy(k) will be related as σx(k) = a σy(k). For 
the first time series (NSSTC) a1  was arbitrarily selected so that σ1(k) = 1 for k = 1/12 year (1 month). 
For the other nine series a unique set of weights a2, ..., a10, was calculated by minimizing the 
departures among the σ(k) of the different series for the same scale k. Specifically, haracteristic time 
scales kl = 2l years with l varying from –3 to 22 (kl varying from 0.125 to 4 194 304 years)
 
FIGURE 4.5 Combined climacogram of the ten temperature observation series and proxies. The slashed line 
with slope –0.5 represents the climacogram of a purely random process. The horizontal dashed-dotted line 
represents the climatic variability at 100 million years, while the vertical dashed-dotted line at 28 months, 
represents the corresponding scale to the 100-million-year variability if climate was random (classical 
statistics approach).  For explanation about the groups of points departing from the solid straight line (with 
slope -0.08) see Fig. 10 and its description in text.  
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have been chosen and each climacogram was interpolated at those points kl that fall into the 
domain of the empirical climacogram (as depicted in FIGURE 4.5). For each kl a sample of empirical 
climacogram values was formed, obtained by each of the different series that were overlapping at a 
range containing the point klv. Then the sample standard deviations were estimated at all points kl 
and we minimized their sum for all kl. For the (unconstrained) minimization the Generalized 
Reduced Gradient method [203, 322] was applied, which is one of the most robust and reliable 
approaches to nonlinear optimization and has become commercially available as an easy Solver tool 
embedded in EXCEL. By direct application of the Solver a unique set of the ten weights a1, ..., a10 was 
obtained that minimizes the above sample of standard deviations. With this set of weights the 
logarithmic plot shown in FIGURE 4.5 was made.  
D ISCUSSION  
The combined climacogram of FIGURE 4.5 gives an impressive overview of climatic variability 
spanning almost 9 orders of magnitude—from 1 month to 50 million years. We observe that, for 
this huge variation of the scale k, the σ(k) of all series range in a small interval, varying less than an 
order of magnitude (between 0.1 and 1). This can be contrasted to a purely random climate, which 
would entail a climacogram quickly descending (with slope –0.5, also depicted in FIGURE 4.5) to 
lower orders of magnitude. Overall, the combined climacogram indicates a very mild slope of about 
–0.08, suggesting a strong HK behaviour. A slope of –0.08 in a theoretical climacogram would corre-
spond to H = 0.92, but here the climacogram is empirical and thus possibly negatively biased [184]. 
Thus, we can regard the value 0.92 as a lower bound of H and this suffices for the purpose of the 
thesis which is to demonstrate the presence of HK behaviour rather than to propose an exact 
model. However, even this lower bound is a very high value, yet compatible with previous results 
[193] and implies spectacular differences from the classical statistics (in which the consecutive 
values are independent), as well as from typical stochastic processes like the Markov process. 
Classical statistics has served as the common basis of interpreting climate behaviours, and 
performing statistical tasks such as estimation and hypothesis testing.   
The horizontal line in FIGURE 4.5 (drawn from the rightmost point of the straight line fitted to the 
empirical climacogram, which has slope -0.08) shows that the climatic variability at the scale of 100 
million years is about 19% of the variability at the monthly scale. If climate was consistent with 
classical statistics, the reduction of variability to 19% (from 100% in the monthly scale) would 
appear at the scale of 28 months (the intersection of the horizontal line with the line with slope –
0.5). This dramatic difference (28 months vs. 100 million years), suggests enhanced change 
particularly at large time scales and, hence, enhanced unpredictability, as climatic variability 
remains high even for the largest time scales. This should help us understand that the classical 
statistical thinking may be inappropriate for climate and that the classical dichotomy of weather 
versus climate may be misleading.  
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Several “imperfections” can be observed in the matching of the climacograms of the different 
time series in FIGURE 4.5. These are not unexpected, and they themselves are the result of data 
uncertainties (both in sampling and aging) combined with the bias and enhanced uncertainty, 
which are implied by the long-term persistence in statistical estimation [184, 186]. In some cases, 
the right part of a climacogram is too flat, as for example in Zachos and CRU time series. The reason 
for a flat right part is related to the fact that the entire time series length is located on a branch of 
the process with a monotonic trend (Appendix E, FIGURE E.14). When a longer time series is viewed 
(Veizer for Zachos, Moberg and Lohle for CRU), which shows that the monotonic trend is in fact part 
of a longer fluctuation, the flat climacogram problem is remedied. 
One of the most prominent “imperfections” of FIGURE 4.5 is related to the Huybers and EPICA 
climacograms, both of which have leftmost and rightmost parts with slopes milder and steeper, 
respectively, than the general slope. Particularly in the EPICA case, the rightmost part has a slope 
steeper than –0.5, which could be interpreted as indicating anti-persistence. However, this 
behaviour can be attributed to the combined effect of statistical bias and the influence of the orbital 
forcing. To demonstrate that the “imperfection” is in fact the result of the Milankovitch cycles acting 
at time scales in the range of 104 – 105 years, an explanatory toy model has been constructed. This 
toy model represents the synthesis of the theoretical climacograms of three components. Namely, 
the sum of an HK process with H = 0.92 and two harmonics with periods 100 and 41 thousand 
years with weights shown in the figure caption are considered. This toy model is not unique; 
several other could be constructed by also including a 21 thousand years harmonic and by changing 
the weighs of the three or four components. The one in FIGURE 4.6 is presented as an explanatory tool 
and not as a model to be used in applications, because it is the most parsimonious among those 
examined and corresponds to the dominant role obliquity in modern orbital theory. 
 
FIGURE 4.6 Theoretical climacograms of an HK process with H = 0.92 and two periodic processes with periods 
100 and 41 thousand years, all having unit standard deviation at monthly scale, along with the climacogram 
of the synthesis (weighted sum) of these three components with weights 0.95, 0.30 and 0.15, respectively; the 
empirical climacogram of a time series simulated from the synthesis process with time step and length equal 
to those of the EPICA series is also plotted.  
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The theoretical climacogram of the toy model (whose mathematical expression is simply x(t) = 
aHxH(t) + a1x1(t) + a2x2(t), where xH(t) is an HK process, x1(t) and x2(t) are harmonics with periods 
100 and 41 thousand years, respectively, and the values of the coefficients aH, a1, a2 are given in the 
caption of FIGURE 4.5) can be readily calculated from (2) and (3). As a result of the two harmonics, 
the slope of the theoretical climacogram at scales approaching 105 years is much steeper than –
0.08, showing a similar shape to the real-world climacogram. In addition, using the toy model a 
series with resolution and length equal to those of the EPICA series can be generated, in order to 
explore the statistical effects and particularly the negative bias. The resulting empirical 
climacogram of one synthetic time series, also plotted in FIGURE 4.6, resembles the real EPICA 
climacogram of FIGURE 4.5.  
Generally, the steeper slope at time scales between 10 and 100 thousand years suggests higher 
predictability over those scales in comparison to shorter or longer scales, but again this does not 
counteract the enhanced uncertainty and unpredictability entailed by the overall HK dynamics. This 
uncertainty is magnified by the fact that, as already mentioned, the orbital forcing cycles are not 
apparent all the time and are not strictly periodic (see also Richards [296]; Ashkenazy, Baker [21]). 
Interestingly, similar behaviours, represented by a climacogram with a similar shape can be found 
in other natural processes as well, such as the sunspot number (FIGURE 4.7). In this case, the steeper 
slope emerges at scales between 5 and 13 years (55 and 143 months), reflecting the connection 
between the 11 year sunspot ‘cycle’ and the stochastic behaviour of the phenomenon in the same 
manner exhibited by the toy model in FIGURE 4.6. 
 
FIGURE 4.7 Climacogram of sunspot number from original data (shown in the embedded graph) from the 
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The available instrumental data of the last 160 years allow us to see that there occurred 
climatic fluctuations with a prevailing warming trend in the most recent past. However, when this 
period is examined in the light of the evidence provided by paleoclimate reconstructions, it appears 
to be a part of more systematic fluctuations; specifically, it is a warming period after the 200-year 
‘Little Ice Age’ cold period, during a 12 000-year interglacial, which is located close to the beginning 
of the third major icehouse period of the Phanerozoic Eon. The variability implied by these multi-
scale fluctuations, typical for Earth’s climate, can be investigated by combining the empirical 
climacograms of different paleoclimatic reconstructions of temperature. By superimposing the 
different climacograms we obtain an impressive overview of the variability for time scales spanning 
almost 9 orders of magnitude – from 1 month to 50 million years.  
Two prominent features of this overview are (a) an overall climacogram slope of –0.08, 
supporting the presence of HK dynamics with Hurst coefficient of at least 0.92, and (b) strong 
evidence of the presence of orbital forcing (Milankovitch cycles) at time scales between 10 and 100 
thousand years. While orbital forcing favours predictability at the scales it acts, the overview of 
climate variability at all scales clearly suggests a big picture of enhanced change and enhanced 
unpredictability of Earth’s climate, which could be also the cause of the difficulties to formulate a 
purely deterministic, solid orbital theory (either obliquity or precession dominated). Endeavours to 
describe the climatic variability in deterministic terms are equally misleading as those to describe it 
using classical statistics. Connecting deterministic controls, such as the Milankovitch cycles, with 
the Hurst-Kolmogorov stochastic dynamics seems to provide a promising path for understanding 
and modelling climate. 
4.2 Precipitation: Short-scale vs large-scale behaviour 
Earlier studies have already highlighted that annual precipitation records seem to exhibit no or 
short-term persistence when the time scale is small [104, 165, 287], while in larger time periods HK 
behaviour emerges [25, 105, 278]. It appears that rainfall variability could be affected by different 
physical mechanisms, which develop to two quite different auto-correlation structures; one for 1 to 
10 years (small scales) and another one for multi-decadal intervals and beyond (large scales). An 
example of such processes is the temperature variation in a two-layer thin film system studied by 
Van Vliet and Vand der Ziel [357] and suggested also by Pelletier [276] as a possible description of 
the global air temperature variability, which also encompasses the role of the oceans to 
atmospheric long-term fluctuations. Following the same idea, the hypothesis of white noise or 
Markov-type behaviour of precipitation below the decadal time resolution and HK behaviour at 
larger time scales was investigated.  
Although the LTP has a strong physical basis, as the outcome of entropy production 
maximization [187], it has been shown that a small sample size might mask it [184]. Thus, to 
reliably estimate moderate values of H (0.7-0.8) the sample size should be of at least 100 (see 
Section 2.3; FIGURE 2.7). Some of the aforementioned studies [56, 165] used time series with record 
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length close to this number, and they could be prone to H underestimation, especially when studies 
of longer instrumental records show that H can rise above 0.7 [191, 378]. Therefore, all available 
rainfall records over Europe with length above 200 years were examined (Appendix E, Table E.7).  
The sensitivity of the H estimation to the record length of instrumental data can also be 
illustrated by the following experiment: if we divide the very same observed time series in smaller 
subsets of equal size and re-determine H we see that the series tends to appear as white noise as 
record length decreases (TABLE 4.1). In many cases the subsets of the same records showed two 
completely different profiles. For example, rainfall at Prague (Praha) station could be described as 
long term persistent during the 19th century or as white noise if it was estimated only for the 20th 
century (TABLE 4.2). Could sample size bias affect the H determination so much that the high proxy 
data values (0.8-0.9) [56] would be masked? The repetition of the above experiment with synthetic 
data derived from a theoretical HK process showed that a sample effect alone cannot explain such a 
reduction of H (TABLE 4.3). A pure HK process would give high values of H even in relatively short 
record lengths. In addition, both white noise and HK models fail to describe the strong differences 
in H during the two last centuries, such as the one described for Prague. 
A direct comparison over the same time period between the long instrumental records of 
central Europe and a precipitation reconstruction at adjacent region (Bü11) [26] suggests a similar 
behaviour in even larger time scales (FIGURE 4.8). Both the mean value of H in instrumental data and 
proxy data is close to 0.65 (Appendix E, TABLE E.7; stations from Klangefurt to Lille), for the period 
1800-2000. However, if H is estimated for the complete proxy record (2400 years) then it rises to  
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TABLE 4.1 Hurst coefficient values for reduced sample size. For each column except the second (complete 
record), the values are the estimated means as there are 2 subsets with 100 values, 3 with 70 and 4 with 50.    
 
Compl. 
Record 100 70 50 
Edinburgh 0.58 0.58 0.56 0.59 
Hoofdorp 0.59 0.62 0.56 0.54 
Kew Gardens 0.47 0.50 0.42 0.48 
Klagenfurt 0.68 0.66 0.56 0.60 
Lille 0.65 0.60 0.59 0.58 
Lund 0.60 0.60 0.55 0.47 
Manchester 0.69 0.64 0.62 0.52 
Marseille 0.57 0.55 0.54 0.49 
Milano 0.72 0.61 0.51 0.53 
Oxford 0.55 0.64 0.54 0.58 
Padua 0.66 0.61 0.58 0.57 
Paris 0.65 0.63 0.53 0.51 
Podehole 0.52 0.59 0.51 0.53 
Praha 0.66 0.55 0.51 0.53 
Strasbourg 0.64 0.64 0.65 0.59 
Toulouse 0.61 0.53 0.52 0.46 
Uppsala 0.49 0.54 0.49 0.43 
Mean 0.61 0.60 0.54 0.53 
 
0.8, which agrees with previous studies [56]. This can also be illustrated, by determining H over a 
sliding window and then examining its distribution for different observation periods FIGURE 4.8a). It 
becomes evident that as sample size increases the empirical distribution of the coefficient 
converges to a smaller set of values (mean = 0.80), while for a record length of 100 years the 
estimation could result in anything between white noise and a highly long-term persistent process 
(FIGURE 4.8b). Again, we see a departure both from white noise and pure HK behaviour.  
Previous efforts attributed this to non-climatic (or non-precipitation) noise and as they were 
focused mainly [106] or solely [56] on tree-ring proxies, they linked it to their dependence to soil 
water availability and/or temperature.  However, as discussed in Section 3.2 non-tree ring 
reconstructions from different locations over the planet exhibit long-term persistence as well. This 
is presented here in more detail in FIGURE 4.9 and FIGURE 4.11. Interestingly, the above findings imply 
that if HK behaviour is really a non-precipitation artifact, then this should somehow affect all 
different types of proxies. The most probable variable linked with this kind of bias could be 
temperature, as it is both connected to lake sediments via evaporation, to speleothems by δ18O 
regulation and to tree-rings and pollen data through plant growth. To test this hypothetical link the 
cross-correlation between the precipitation reconstructions and temperature reconstructions was 
examined and the results showed that the two climatic variables were uncorrelated (Appendix E, 
FIGURE E.11).  
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0.53 0.65 0.51 0.63 
0.62 0.58 0.50 0.69 
Oxford Padua Paris Podehole 
0.68 0.75 0.58 0.61 
0.60 0.48 0.69 0.57 
Lille Lund Manchester Marseille 
0.61 0.65 0.67 0.65 
0.60 0.55 0.61 0.46 
Milano Praha Strasbourg Toulouse 
0.66 0.73 0.72 0.48 
0.57 0.38 0.56 0.58 
Uppsala    
0.56    
0.52    
Another possible non-precipitation source of long term persistence could be found in the 
aggregation of the proxy records. As precipitation is averaged over time, sometimes there is no 
strong distinction between consecutive values for large segments of the reconstructed time series. 
In some cases the uncertainty of the aggregation is given, which allowed the estimation of the bias 
to a range of 2.5 to 10%. This kind of bias is usually found in low resolution reconstructions, such as 
Ba05 and VG09, which may seem to have H values above 0.9 and sometimes close to 1. A way to 
remedy this issue is to combine the reconstructions with the annual instrumental records in order 
to increase both the resolution and record length.  
To investigate the efficiency of this approach four simple models with two characteristic time 
scales were used. The simplest one (E) is the repetitive sampling of the instrumental data 
normalized over the reconstruction record [192]; the centennial values of each reconstruction are 
considered as mean precipitation for that period and their ratio to the instrumental mean is 
estimated for each century. Then the instrumental record is multiplied by this ratio and 100 annual 
values are randomly sampled for each century. An extension of this approach is a 5-year block 




TABLE 4.3 Average H for different subsets of the 17 precipitation records and the 95% confidence interval for 
1000 sets of 17 synthetic time series with given Hurst coefficients (95% of the values of the simulation lie 
within this range). It should be noted that the H value for the Prague station in the 19th century is 0.73, while 
if estimated only for the 20th century is 0.38, which is outside the confidence intervals for both synthetic 
processes. 









(H unknown)  
0.61 0.60 0.54 0.53 
Synthetic  
(H = 0.60) 
0.57-0.62 0.56-0.61 0.55-0.60 0.54-0.59 
Synthetic  
(H = 0.85) 




FIGURE 4.8 (a) The reconstructed precipitation record of central Europe (Bü11) and different observation 
periods of 1. 100, 2. 200 and 3. 1000 years. (b) The corresponding empirical distributions of H, if the 
observation periods span the whole record length as moving windows. The dots at each distribution 
represent the value of H for the respective observation periods presented in (a) and is 0.6 for 1900 – 2000 
AD, 0.68 for 1800 – 2000 AD and 0.78 for 1000 – 2000 AD. The value of H for the whole record is 0.82 












single values, 20 5-year sets are randomly sampled from the instrumental empirical distribution 
and then normalized over the reconstructed centennial means as in the first model. In the third 
method (G), a theoretical gamma distribution fitted to the instrumental data is used for the 
sampling of the 100-year record, maintaining the shape and scale parameters of the instrumental 
time series being normalized over the reconstructed time series. Finally, the same method is used 
for a gamma distribution with randomly changing shape parameter κ  [-15, 15] and using the 
centennial mean of the reconstructed record to estimate the scale parameter, according to the 
relationship μ = κ θ (G-RND). Then a 100-time series ensemble was created in order to estimate H 
mean and standard deviation for each model.  
The results of the application of four different versions of this method to Ba05 and VG09 also 
preserved the changing persistence scheme according to the observation period (FIGURE 4.10). We 
observe that as time scale becomes smaller H decreases, reaching a value between 0.29 and 0.67 in 
the 50-year scale, which envelopes the corresponding confidence intervals of H estimated by 
instrumental records (Figure S5 and Table S5). Notably, a good approximation for H is obtained for 
a sample size of 500 (Ba05) and 4 000 (VG09) years, which further verifies the low H values for 
St12-GA14 reconstructions during the last 700 years.  
 
FIGURE 4.9 An explanatory figure of the difference between short-term (instrumental data) and long-term 
(paleoclimatic data) change. The climacograms of the 17 instrumental time series (grey round pointed lines) 
and seven non-tree rings reconstructed records (legend; see Appendix E, TABLE E.8) are presented. The 
instrumental data mean slope is the solid grey line, the white noise slope is the dotted black line and the 
minimum/maximum slopes of the instrumental data are the dashed grey lines. The proxy types used for these 
reconstructions consisted of lake sediments (Ba05 [28], St12 [328], Sa12 [314]), speleothems (T7 [139], T8 












FIGURE 4.10 Hurst coefficient versus record length for each reconstruction per disaggregation method (error 
bars represent standard deviation). The exact values of H can be found at Appendix E, TABLE E.9. 
On the other hand there are some non-climate biases that can mask HK behaviour. The 
common occasion in which long-term persistence could be misinterpreted as inhomogeneity in 
data, has already been discussed in Section 2.3. As H grows, it becomes more probable to falsely 
identify a rainfall record as inhomogeneous (Figure 2.12). It is indicative that for the modest value 
of H = 0.7, almost half of the time series fail to pass a simple Student t-test. In addition, some 
techniques used in the creation of the reconstructed time series may also conceal the true 
persistence structure. Such are the cases of de-trending and pre-whitening, which have been widely 
used in tree-rings and remove any low frequency variability [53]. A useful example can be found in 
a recent tree-ring reconstruction of blue oak trees (GA14), which have been shown to be 
particularly sensitive to precipitation variability [123]. This record was de-trended and pre-
whitened in order to be fitted to the instrumental data and hence suggested white noise behaviour 
for rainfall, while the nearby St12 record exhibited weak persistence for the same period of the last 
700 years. It must be noted though, that again if the whole St12 record is used (500 AD – 2000 AD) 
a stronger HK pattern emerges. 
We conclude that instrumental records are too short to be used for inferring long-term 
properties of the rainfall variability. On the other hand, although biases in proxy data usually lead to 
the underestimation of the persistence structure regardless of proxy type, the opposite could also 
happen, i.e., overestimation due to low resolution. Thus, it is also not very safe to make assumptions 
for the short term behaviour of rainfall based solely on proxy data, especially if the sample size is 
small. This discrepancy might have its cause to a relative stable short-term rainfall regime affected 
by either slower large-scale fluctuations or by abrupt changes that shift the mean significantly, 
which is close to the variations observed in the past, e.g.  the historic mega-droughts at northern 
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America [73] or the changes in Asian monsoon during the Holocene [129].  Finally, there is evidence 
that rainfall variability can be described by a varying scaling behaviour scheme, asymptotically 
tending to a high value as time scale increase, rather than a unique scaling law for all time scales 
(FIGURE 4.11).  
 
FIGURE 4.11 Synthesis of H estimation results from different studies referred to above as well as the results of 
our study. Squares represent instrumental data and circles reconstructions (notice the logarithmic scale). The 
results from earlier studies on instrumental records are Ka06 [165], KL11 [191] and Zh14 [378], while the 
CRU refers to the CRU gridded data set used also in this study. The mean H of the instrumental data used in 
this study are presented in different record lengths of 50, 70, 100 and 230 years (Table S5), while the two 
different values for 230 years represent all the records (H = 0.61) and the central European stations (H = 
0.65). Different record lengths have been also used for comparison purposes (see text) for Bü11 and St12 
reconstructions. The GA14 and the VG99 reconstructions are highlighted as cases of H under- and 
overestimation. The results at 100 years and at the 1000-2000 year period are also in good agreement with 
Bunde, Büntgen [56], who have determined values in the range of 0.5-0.6 and 0.8-0.9 correspondingly.  
4.3 Conclusions 
How the HK behaviour of temperature and rainfall is linked to the time scale? There is no single 
answer to this question. In the case of temperature the orbital forcing is a quasi-deterministic factor 
that introduces periodicities in the geological scales, i.e. 20 – 100 thousand years. In precipitation 
the HK behaviour grows stronger as scale increases starting from H values close to 0.6 and reaching 
values above 0.9.   
The main points of this chapter can be summarized as:   
 Orbital (Milankovitch) theory still cannot fully explain the ice age quasi-oscillation in a fully 
deterministic way. 
 Harmonic components, such as orbital forcing, result to decreased H values, and therefore 
any time series exhibiting a strong autocorrelation structure and low H, should be checked 
for periodicities. 
 By superimposing the climacograms of different paleoclimatic reconstructions of 
temperature into a  combined climacogram we obtain an impressive overview of the 
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variability for time scales spanning almost 9 orders of magnitude – from 1 month to 50 
million years, resulting to H > 0.92. 
 In precipitation, instrumental records are too short to be used for inferring long-term 
properties of the rainfall variability. Larger records show higher H than their smaller 
counterparts on average. However, it must be underlined that smaller records present 
larger variance in H values, which reflects both under- and over-estimation. 
 It is not very safe either to make assumptions for the short term behaviour of rainfall based 
solely on proxy data, especially if the sample size is small.  
 The small-large scale discrepancy might have its cause to a relative stable short-term 
rainfall regime affected by either slower large-scale fluctuations or by abrupt changes that 
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This chapter was based on the following studies: 
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5.1 Teleconnection patterns in the Mediterranean region 
GEOGRAPHICAL SETTING AND CLIMATE CHARACTERISTICS  
The Mediterranean Sea is a marginal and semi-enclosed basin surrounded by Europe to the North, 
Africa to the South and Asia to the East, and connected to the Atlantic Ocean through the Strait of 
Gibraltar. The geographic characteristics of the above areas are quite different; they include the 
mountain ridges of the Alps, the Pyrenees, the Carpathian and the Pindos to the North; the Sahara 
and the Arabian deserts to the South and East respectively, and the Atlantic Ocean to the West. 
Although the geographic heterogeneity affects the regional climate, enhancing its small-scale spatial 
variability [209], there are some dominant characteristics such as the relative mild and humid 
winters in contrast to the warm and dry summers, which result to a strong seasonality pattern 
(FIGURE 5.1). Kőppen [174] classified these characteristics as “Mediterranean Climate” or “Dry 
Summer Subtropical Climate” (Cs). Nevertheless, recent findings [179] suggested the co-existence 
of four major climatic types, in which Cs only accounts for the 53% of the total spatial climate 
variability. Drier climates (steppe and desert climate, Bs and Bw, 27%) are found at the south-
eastern part of Mediterranean, while wetter conditions (warm temperate climate, fully humid, Cf, 
17%) prevail at the central-northern counterpart (FIGURE 5.2).  
 
FIGURE 5.1 Monthly variability of rainfall at the Mediterranean sub-regions. Circle size represents record 
length; 30-50 years for the small yellow ones, 50-80 years for the medium orange ones and above 80 years 
for the big brown ones. 
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The rainfall regime in the Mediterranean basin is mainly connected to synoptic-scale systems, 
especially in winter [61, 264, 282, 291]. Cyclones are generated mainly within the Mediterranean 
Basin at three major areas of cyclogenesis; the Gulf of Genoa in Italy, the region near Cyprus at the 
Levantine Sea and the northern part of Morocco (FIGURE 5.2), all located near massive ridges, such as 
the Alps in Europe, the Taurus Mountain in Turkey and the African Atlas ridge [8, 62, 100, 210, 327, 
343]. They are significantly different to the typical extratropical cyclones, as they are smaller and 
have shorter duration than the corresponding north Atlantic systems [343]. Still, they last several 
days and are able to cause extreme precipitation and floods [60, 140], as well as storm surges [342]. 
The first two cyclogenetic centers  are stronger during the late autumn and the winter and remain 
relatively active throughout the year, while the later reaches its maximum during spring and loses 
its strength during the remaining seasons [355]. Limited cyclogenesis is also encountered over the 
Iberian Peninsula, southern Italy, the Aegean Sea and the Sahara desert.  
The Genoa lows often form deep systems, which have the strongest intensities among the 
Mediterranean cyclones. Their most usual track has south-eastward direction, starting at the Alpine 
area, and moving through the Italian Peninsula to the Adriatic sea, and sometimes reaching up to 
the Eastern Mediterranean. The Cyprus cyclones play a significant role for rainfall over the Eastern 
Mediterranean. For example, they contribute approximately 80% of the rainfall during the wet 
season (November – March) at Israel [309]. The North African cyclones, develop along the southern 
Mediterranean coastline, close to the northern edge of the Sahara desert during the spring and 
affect the central and eastern southern Mediterranean [9, 292]. They are smaller and faster than the 
rest Mediterranean cyclones and their  duration is usually shorter than a day [9]. 
Finally, explosive cyclones are also present over the Mediterranean Basin, mainly from 
November to March [182]. Their main property is their unusually large deepening [313] and they 
can be found most of the times in latitudes over 40°N. In terms of longitude, the western 
Mediterranean clearly encounters a higher number of occurrences, particularly the Gulf of Genoa 
and the area near the Baleares, where they reach a maximum, which spreads south-eastwards over 
the Aegean Sea. It must be noted though that the size and the depth of the explosive cyclones are 
usually larger in the Eastern Mediterranean [182]. 
EXTRA-TROPICAL TELECONNECTION PATTERNS  
Teleconnection patterns are used to describe weather and climate variations that usually exhibit 
high correlation or anti-correlation structure over continental scale. In most cases the climatic 
variables associated are the sea level pressure or the 500hPa geopotential height and they usually 
extend at least to several thousands of kilometers and different temporal scales. It should be 
underlined that as teleconnection patterns are not strictly defined, there are no specific spatial and 
temporal characteristics of the named pattern and often differ between studies, due to other 
methods and records used in for their determination.    
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NAO is defined as the atmospheric pressure difference at sea level between Azores and Iceland 
and regulates the direction of westerly winds towards Europe [146]. In the positive phase, the 
Icelandic low develops a deep pressure minimum, and the pressure maximum at Azores high is 
reinforced. High values of the NAO index correspond to warm and dry conditions in the 
Mediterranean, while the negative values are linked to colder humid conditions, especially during 
winter time [344]. Interestingly, the influence of NAO is not uniform across the Mediterranean 
region, but creates a Western-Eastern seesaw dipole (FIGURE 5.2); this climatic conditions at the 
Middle East are opposite to the prevailing conditions at the Iberian Peninsula [299].  
In the positive mode, warmer conditions prevail over the north-western Mediterranean coast 
(Spain, southern France and northern Italy), while at the same time cold temperatures are 
dominant at the south-eastern region of the Mediterranean region, including Libya and Egypt, 
Turkey, Cyprus and the Near East. Central Mediterranean, i.e. southern Italy and Balkans, do not 
exhibit any significant correlations. In the negative phase the opposite conditions are met and it 
should be noted that this regime is quite more evident during winter time. The seesaw dipole is also 
present, with regard to precipitation: the positive winter NAO is linked to low precipitation over the 
western and northern Mediterranean, with opposite behaviour for the negative winter NAO [348, 
354].  
Climatic variability in the Mediterranean region is also strongly linked to other synoptic-scale 
atmospheric circulation patterns [76, 373]. For example, winter temperature variability in the 
western Mediterranean and Italy is linked to the East Atlantic (EA) pattern [311, 339, 367], 
whereas  the Eurasian pattern (PEu) [35], is associated to below-average winter precipitation over 
the northern Mediterranean during its positive phase and above-average values over an area 
covering northeastern Africa, Middle East and Turkey [66, 102, 289, 297, 348, 349, 350].  
 
FIGURE 5.2 The Kőppen climatic classification of the Mediterranean region according to Kottek’s [179] update, 
the areas of NAO influence (the sign indicates positive or negative correlation with temperature) and the 
major locations of cyclogenesis (marked with L) with the corresponding storm tracks. 
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The Scandinavian teleconnection pattern (SCAND) is another significant factor affecting the 
Mediterranean winter rainfall. In its positive mode, an anticyclonic centre can be found over 
Fennoscandia and western Russia and an upper trough is observed close to the Iberian Peninsula. 
This pattern is linked with the Mediterranean cyclogenesis, which becomes stronger during its 
positive phase and results to extensive above-average precipitation mainly at the northern 
Italy [373].  Finally, the Mediterranean Oscillation Index (MOI) is directly linked to precipitation 
patterns, as it involves a high pressure system over southern Spain and a cyclonic center at the 
southeastern Mediterranean. The resulting precipitation regime in its positive phase includes  
 
FIGURE 5.3 Barplots of monthly variability of teleconnection indices and their cross-correlation matrix. 
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above-average rainfall over the south-eastern Mediterranean, in contrast to the below-average 
rainfall at the north-western counterpart. 
Besides the MOI, the monthly values of the tele-connection patterns have uniform distribution 
through the year (FIGURE 5.3). The MOI presents positive rates during the summer months due to the 
dominance of high-pressure conditions near th Middle East. In addition, it is strongly associated 
with the winter NAO [76], as well as the EA; both indices have correlation coeficients between 0.3 
and 0.5 with the NAO (FIGURE 5.3; cross correlation matrix). However, in this matrix it can be seen 
the majority of the teleconnection patterns does not present any significant correlation. 
TROPICAL TELECONNECTION PATTERNS  
Some links between the Mediterranean climatic/weather variability and the tropical atmospheric 
circulation have also been suggested. The most prominent is the one with the El-Niño Southern 
Oscillation (ENSO) at the region of equatorial Pacific, which seems to be connected to the 
precipitation at the western Mediterranean in autumn and spring. The autumn rainfall is increased 
when it precedes a warm ENSO event [235], while the spring rainfall after an ENSO warm phase is 
lower than average [236, 300, 356]. In contrast, the winter precipitation is linked to the La-Niña 
events with below-average rainfall in southwestern Spain and across southern Europe [288]. It is 
worth to report though that the opposite effect for El-Niño events has not been identified.   
Besides ENSO, an other pattern which is related to the Mediterranean climate is described by 
the West African Monsoon Index (WAMI). It has been shown that there is a link between the 
western and central Mediterranean and Western Africa [31]; hot and dry conditions during 
summer are encountered during periods of a strong Sahel precipitation, while cold and wet 
conditions at the Mediterranean are associated with below-average Monsoon rainfall. Baldi et 
al. [31] showed that the teleconnection pattern might be also linked to SST variability in the Gulf of 
Guinea. In addition, during the summer and autumn this relationship reverses at the western and 
southwestern Mediterranean for prolonged periods [318].  
The South Asian monsoon teleconnections or Dynamic Indian Monsoon Index (DIMI) is the last 
pattern described. It is anti-correlated with the summer rainfall at the eastern Mediterranean 
region through upper tropospheric teleconnections in the central-northern Mediterranean [318], 
which control the eastern descending aerial masses, as well as effects the Tibetian anticyclone and 
the strength of the Indian monsoon circulation. Other seasons might be affected to; for example 
DIMI is also anti-correlated with succeeding winter rainfall at Middle East [6]. 
This short review suggests that the Mediterranean region is affected by a significant number of 
diverse teleconnection patterns (TABLE 5.1), some of which modulate each other. In addition most of 
them are still not fully-comprehended and described in terms of circulation dynamics [355]. It 
should also be highlighted that almost none of the above-mentioned links is constant in time, but 
usually they vary on different time scales not only at seasonal to inter-annual scales [268], but also 
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on decadal to centennial timescales [220]. Thus, to quantify and understand low-frequency trends 
in natural climate variability, long climatic time-series are necessary.  
TABLE 5.1 Summary of teleconnection patterns examined in this study. 
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5.2 Rainfall extremes and teleconnections in different time 
scales 
INTRODUCTION  
Extreme precipitation evolution at the Mediterranean does not present any spatial coherence 
during the last 50 years. There is an on-going debate with some conflicting results; e.g. the number 
of events greater than 10 mm per year has increased [177], although other researchers support that 
there is a negative slope in the amount of precipitation from these events (74.2 mm/50 years), 
leading to a shortening of the winter season by 3 days/50 years [265].   
The heterogeneity is also evident in regional scale; a typical example is the Iberian Peninsula, 
where several studies have underlined the absence of uniformity [54, 252, 302]. There is some 
evidence of rise in extremely heavy rainfall (>128 mm/d), accompanied by a fall in moderate 
precipitation (16 – 64 mm/d) in Spain [7]. On the other hand, there has been reported an increase 
of the probability of daily precipitation between the 5th and the 95th percentile [301]. Another 
recent study  [216] suggests that there is a decrease in the number of days per year with rainfall 
amount above the 90th percentile in half of the series analyzed at the northeastern Iberian 
Peninsula, while the majority of the remaining records showed no significant slopes. The same 
pattern is evident at the Italian Peninsula, with significant increases in heavy and extremely heavy 
rainfall (>64 mm/d), and a decrease of light-moderate precipitation (4-32 mm/d) [7]. In the eastern 
Mediterranean, there is a decreasing slope in the number of events with daily precipitation greater 
or equal to 10 mm per year [168, 176]. The decrease is more profound in winter time for Greece 
and the rest of the region respectively, whereas the amount of precipitation due to events in the 
upper 95th percentile is increasing only in Greece [265].   
 
FIGURE 5.4 Map of precipitation stations used. Blue squares refer to stations with monthly records, while 
ornge circles to stations with daily time series. 
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The evolution of extreme rainfall in the Mediterranean cannot be addressed to a single natural 
mechanism, but it is connected to combination of different processes affecting both local and large 
scales [355]. These factors include the Mediterranean SST, the transportation of humid oceanic 
aerial masses from the North Atlantic and certainly the orographic effect of the Alps, the Pyrenees, 
the Pindus, the Taurus and the Atlas mountains. In addition, the influence of large-scale circulation 
cannot be ignored. It has been also showed  that there are three major pressure patterns at 
Z500 [339], which are linked with extreme rainfall separately at the western and the eastern 
Mediterranean. Their findings suggests that extreme precipitation events in the western 
Mediterranean are linked with conditions supporting intense Genoa lows, while at the Eastern 
Mediterranean extreme rainfall is linked to Cyprus cyclones.  
Here, the role of teleconnection patterns in precipitation extremes is investigated as they affect 
both cyclogenesis and moist air fluxes from the North Atlantic. To this end the precipitation dataset 
from Section 3.1 was enriched by 64 daily records located in majority at the northern part of the 
Mediterranean basin as depicted in FIGURE 5.2.  The only prerequisite for the daily time series was to 
have at least 10 complete years from 1950 till today without any single missing value. To 
investigate the influence of climate extremes in larger, spatially coherent areas six sub-regions 
(four for daily records) were determined by their geographical location and their precipitation 
cross-corellation matrix in annual terms (an example presented in Appendix E, FIGURE E.15). These 
regions are Iberia Peninsula, Central Mediterranean (Italy and Adriatic Sea), Balkan Peninsula, 
Middle East (including Cyprus), Central North Africa (Libya and Tunisia) and North-western Africa 
(Algeria and Morocco). Their different seasonal precipitation structure can be also seen in FIGURE 5.1.  
DAILY EXTREMES  
The extreme daily rainfall events are defined as the three highest rainfall episodes per station 
throughout the whole record. If ri is the relative monthly rank of i teleconnection pattern index, i.e. 
the monthly rank to the number of values of the index record, then the mean Ri, station can be 
estimated  as the mean ri of the extreme rainfall events per station. The possible correlation with 
the index phase is examined in two steps. Firstly, the estimate Ri, station value of each individual 
station is compared to the upper/lower 40% quantiles of the index values. If it lies within the upper 
quantile then it is considered to be connected to a positive phase, whereas if it lies at the lower 
quantile it is linked to a negative phase (depicted in the map of FIGURE 5.5). Then, the empirical 
distribution of the Ri, station for each index is determined and the upper/lower 20% and 40% 
quantiles are compared to their 90% confidence limits (bar diagrams in FIGURE 5.5).  If the null 
hypothesis of this test is that “there is no link between monthly index rate and the extreme rainfall 
events”, then it would be rejected if the observed empirical distribution quantile is outside the 
confidence interval. In the case that it lies above the 95% limit then the particular phase favours 
rainfall extremes, whereas if it lies below the 5% limit then that particular index reduces the 





FIGURE 5.5 Links between daily maxima in rainfall and climatic teleconnection indices. The map depicts the 
stations that rainfall extreme is associated with the positive or negative phase of each indice. The red bars, 
below, represent the the higher 20% of each index relative ranks distribution for the upper row and 40% for 
the lower, while blue bars to minima below these values. Dashed lines represent the 90% confidence interval, 
derived from Monte Carlo simulation for uniform distribution.  
expected value would be 0.2 and 0.4 correspondingly. If the null hypothesis is rejected for 0.2 then 
the extreme is considered to be linked with a strongly positive/negative index phase, while in the 
0.4 case then it is regarded to be associated to a plain positive/negative phase. This analysis was 
also applied to the 10 highest rainfall values per station with similar results (not shown here). 
In general, not many significant correlations are observed between the extreme daily rainfall 
events and the climatic events. As expected, there is a clear signal for the negative phase of the NAO 
index and extremes at the Iberian Peninsula; 60% of the extremes have occurred during a positive 
phase, while the corresponding percentage falls to 20% for the positive mode and 10% for the 
strongly positive mode (top 20% of the NAO values). The same decrease in extremes can be also 
seen in the central Mediterranean region, although it is not complemented with an above-limit 






percentage for the positive phase but solely for the strongly positive. The NAO effect weakens and 
reverses over the Balkans, with its positive phase being associated to lack of daily extremes, and 
then it reverses again Middle East, where the 40% of the observed events happened during a 
strongly negative phase.  
The EA seems to affect the central Mediterranean and the Balkan Peninsula; positive values of 
the indice is linked to absence of extremes, while the opposite holds true for negative phase, mainly 
for the Balkans, where 60% of the extreme episodes occurred during a negative mode. It must be 
noted that carefull examination of the map of FIGURE 5.5, shows that the choice of the given sub-
regions masks the true effect of the EA, which is more coherent around Adriatic coast and northern 
Balkans. On the other hand SCAND index affects the Iberian Peninsula and Middle East most, with 
its positive phase linked to more extremes than usual in both regions. The negative phase seems to 
influence only Middle East, though, especially under strongly-negative conditions. However, the 
small number of daily records and heterogeneity between Middle East and Cyprus increase the 
uncertainty of these results, which becomes also evident for the case of PEu. In Middle East both 
strongly-positive and strongly-negative modes seem to impede any heavy rain, whereas in the case 
of plain positive conditions the percentage of extremes rises to 60%. Overall, neither high nor low 
rates of PEu appear to be related to extreme rain over the Mediterranean, while the positive phase 
shows some links to the non-existence of extremes at its western part. Finally, the positive phase of 
the MOI also hampers the emergence of heavy rainfall all over the study area, with the opposite 
effect across the Iberian coast. 
MONTHLY EXTREMES  
The same approach was taken for monthly extremes with some trivial differences. Monthly 
extremes are affected by atmospheric circulation more directly; they are expected to be associated 
more intensely with the teleconnection patterns according to the research results described in 
Section 5.1. Therefore, only the highest/lowest 20% of the index ranks was examined and the case 
of the minimum rainfall was also examined for the wet period (September till February, to avoid 
most of the null monthly values). Finaly, the number of records rised to 129, with 30 of them 
located at the southern coast of the Mediterannean. 
In this time scale the results are in good agreement with the literature (Appendix E; FIGURE E.16). 
The NAO seesaw pattern becomes evident; a dipole of maximum monthly values at the western, 
central Meditteranean and Balkans during negative phase are accompanied by minimal values at 
the Middle East and central North Africa and vice versa. On the contrary, the probability of extreme 
monthly rainfall is very low during the opposite phases; this signal is even stronger with the 
exception of North-Western Africa. Indicatively, the 45% of monthly maxima at the Iberian 
Peninsula were in phase with the top 20% values of the NAO index (negative mode), while only 5% 
of the driest months occurred during this mode. This percentage falls below 2% in the positive 
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mode for monthly maxima and remains at 45% for monthly minima, while at the same time reaches 
50% for maxima at the Middle East. 
The EA pattern seems to retain and enhance its influence to the Balkans observed for the daily 
extremes, which now extends over the rest of the Mediterranean for with the exceptance of the 
Iberian Peninsula. Its negative phase is linked with above-average probability of extreme rainfall, 
ranging from 30% to 50% (Balkans), while this empirical probability falls dramatically during the 
positive phase, i.e. from 0% (again Balkans) to 10%. The minima pattern is stronger for the Middle 
East (0% for the positive mode and 55% for the negative mode), as well as North-Western Africa 
with 0% and 35% for the opposite phases.   
The influence from SCAND also follows the daily pattern, becoming stronger at the Western and 
Central Meditteranean regions (reaching 40%) and also showing some weaker links with the 
Balkans. In general, it seems to affect the northern coast of the Mediterranean, in an inverse manner 
compared to NAO and EA (its positive phase is linked to the monthly maxima). Interestingly, in the 
Middle East, similarly to the results in the daily scale, the positive phase seem to affect both high 
and low rain, while the opposite holds true for western and central Mediterranean. The Peu scheme 
again seems to exhibit the lesser impact to the study area; however at monthly scale it can be linked 
with dry extremes when it is in a positive mode over the Central Mediterranean and the Balkans.  
Finally, the MOI is strongly correlated to the NAO index, showing an even higher influence over 
monthly extremes, both in terms of rainfall and its absence. Due its definition the highest (contrary) 
correlations can be found at the margins of the region, i.e. Spain and Middle East, where it reaches 
50% probability for extreme rainfall, which lowers slightly for dry conditions. It should be stressed 
though, that even here two deviances from the overall pattern can be found for dry conditions. The 
first one concerns Central Mediterranean and the Balkans, which are not associated with the 
positive mode of the index, like the Iberian Peninsula, but on the contrary it seems that the positive 
phase impedes the prevailance of extremely dry conditions. Secondly, the MOI does not affect 
dryness at the North-Western Africa at all; which is counter-intuitive because one would expect to 
present a similar behaviour to the Iberian Peninsula.     
Monthly extremes can also be examined in an individual month basis (FIGURE 5.6). This approach 
offers the opportunity to determine if any correlation signal becomes stronger during specific 
months, similarly to the NAO impact increase during the winter time [344]. Indeed, this kind of 
winter time correlation is quite evident in the negative NAO mode, especially for January and 
February.  Similar monthly dependent high-rainfall-occurrence corellations are observed for the EA 
index (negative phase) during autumn months at the Central Mediterranean and January for 
Balkans. SCAND effect (positive phase) is also stronger in January and February, limited only to 
January for Balkans, while a worth-mentioned reverse pattern seem to occur for December at 
Central Mediterranean. A similar reversal can be found for PEu index during November, when 
extreme rainfall is linked with a positive phase; however both northern Africa and Iberian 




     
FIGURE 5.6 Mean relative index rank per station for maximal (right) and minimal (left) monthly rainfall. Red 
colour corresponds to high index values, while blue to low index values. 
Monthly minima offer a significantly better representation of the links between dry conditions 
and teleconnection patterns. This is due to the fact that when the lowest ranks are determined the 
within year seasonality, especially in the eastern-most locations, influences the results; e.g. some 
autumn months in Middle East might have null or very low values independently of the 
teleconnection pattern (this can be also seen in FIGURE 5.6). Interestingly, the NAO influence in 
rainfall is quite uniform over both autumn and winter months, whereas EA and MOI show less 
coherency even though they generally agree with the NAO pattern. The SCAND index, which is anti-
corellated to the other indices, does not reveal any specific monthly patterns either. Lastly, the PEu 
index appears to be the only index which can link winter lack of rain across the Mediterranean with 


























































its negative mode during January and February, and possibly positive over the Balkans during the 
autumn.  
W INTER/ANNUAL EXTREMES  
The results for monthly scale, as well as the literature [344] suggest the teleconnection patterns 
affect primarly winter rainfall. Since winter rainfall accounts as a 50% (Spain) to 90% (Middle East) 
of the total annual rainfall then the assumption that the results might also be linked to annual rain 
(hydrological year; October – September) can be made. However, since the annual the sample size 
gets smaller then upper/lower quantiles are increased to 66% and 33% respectively. In addition, 
the fact that the time scale gets larger allows enlarging the spatial scale; the links with more distant 
teleconnections can be investigated too. The current winter rainfall is used for ENSO; the index 
values of the previous year are used for WAMI and DIMI as they refer to summer rainfall; and the 
Siberan High Index (SHI) is used as is, because it corresponds to winter rainfall. The annual indices 
demonstrate a more homogenous connection with winter precipitation minima than maxima. 
Most of the schemes described above still remain in the picture (Appendix E; FIGURE E.17 and 
FIGURE E.18 . Extremely wet winters at Iberian Peninsula and Central Mediterranean appear again to 
be associated to negative NAO and MOI phases, to negative EA all over the Mediterranean sub-
regions besides the Iberian Peninsula, to positive SCAND rates at the Central Mediterranean and to 
positive Peu over the Balkans and Middle East. The tropical teleconnection patterns linked to heavy 
rainfall are SHI for the Iberian Peninsula (positive mode), Centra Mediterannean and the Balkans 
(negative mode), WAMI for the Iberian Peninsula and the Balkans (negative mode), DIMI for the 
Iberian Peninsula (both modes) and Northwestern Africa (positive mode). 
Likewise the smaller time scales, extremely dry winters are usually associated with the 
opposite phase. Some worthwhile remarks include the stronger influence of MOI (positive mode), 
SCAND, SHI and WAMI (negative mode) over the Central Italy and the Balkans, the near inexistent 
connection between the EA index and dry winter conditions all over the Mediterranean, the strong 
SHI (positive mode) influence across Middle East and Northern Central Africa and the influence of 
ENSO over the Iberian Peninsula and the Balkans (positive mode). Interestingly, for both wet and 
dry conditions, the not-occuring probability presents a stronger signal, e.g. the likelihood that an 
extremely wet winter occurs during a positive NAO phase at the Iberian Peninsula or during a 
negative phase at the Central Mediterranean is almost inexistant.    
D ISCUSSION  
The above results for each time scale (daily, monthly and seasonal) can be combined to a single 
map, in order to better depict their spatial coverage; obviously rainfall lows are presented only for 
monthly and seasonal scales (FIGURE 5.7). We can see that there are two main schemes; a clear dipole 
pattern discussed above for NAO and MOI with stronger influence at the edges of the 
Mediterranean and a less distinct effect over the central regions for EA and SCAND. This can be also 




FIGURE 5.7 Influence of extra-tropical teleconnection patterns to the rainfall extremes over the Mediterranean 
region (derived by the neighbourhood estimation technique). PEu is excluded as no significant pattern was 
observed. A different surrounding line is used for each scale: continuous for daily, single dash for monthly 
and triple dash for winter. 
 
 






























TABLE 5.2 Summary of teleconnection pattern influence at each sub-region for different time scale (red colour 
is used for positive phase and blue for negative). 
 
In general, the observed correlations are in good agreement with our current understanding of how 
general atmospheric circulation affects rainfall at the Mediterranean region both for extreme high 
and low extreme precipitation events or periods (Hurrel, 1995; Wibig, 1999; Haylock and Goodess 
2004; Trigo et al. 2006; Hoerling et al., 2012). The annual indices show higher correlation to 
minimum rainfall, which could be attributed to the blocking of wet aerial masses towards the 
Mediterranean, and even stronger for the probability of non-occurrence in all time scales. However, 
as time scale increases the correlation becomes higher. More specifically, daily precipitation 
maxima present the least correlation, which could be explained with a number of reasons such as 
the scale difference between the indices (monthly) and the rain event (daily), the influence of 
convective storms which are not described by synoptic circulation, and the smaller-scale 
cyclogenesis across the Mediterranean Sea (e.g. the Gulf of Genoa). On the other hand, the results in 
the daily scale can be used for prediction purposes, as they imply that in some regions during 
strong phases of specific indices there is increased or decreased probability of extreme occurence. 
In larger time scales, no association was identified for different time lags, probably because the 
teleconnection patterns seldomly persist for more than one month. 
Iberian Pen. Central Med. Balkan Pen. Mid. East NC. Africa W. Africa
NAO day, month, year day, month, year month month month, year
EA month day, month, year month, year month, year month, year
SCAND month month, year month day, month month, year
PEU year year year
MOI day, month, year month, year month month, year month, year month
ENSO
SHI year year year
WAMI year year
DIMI year year year year year
Maximum precipitation
Iberian Pen. Central Med. Balkan Pen. Mid. East NC. Africa W. Africa
NAO month, year month, year month, year year month, year month
EA month, year month month month
SCAND month month, year year month, year month, year month
PEU month month, year month, year year month, year
MOI month, year year year month month, year
ENSO year year year
SHI year year year year year





5.3 Teleconnection patterns at larger time scales 
The majority of the paleoclimatic studies about the hydroclimatic variability over the 
Mediterranean suggest that during the Late Holocene, certain periods of warm/cold or humid/dry 
conditions, which succeeded one another can be identified [36, 45, 99, 115, 125, 127, 160, 220, 223, 
246, 316]. Here, we try to make a synthesis of all available studies in order to investigate the 
temporal and spatial characteristics of the Mediterranean climate in terms of temperature and 
precipitation during the two latest periods of strong climatic shifts: the “Medieval Warm Period” 
and the “Little Ice Age” (also reffered in Section 3.2).  
METHODS  
This literature review was conducted according to the fundamental principles of systematic 
reviews and meta-analysis [138]. The outcome of this method attempts to collate all studies under 
pre-determined eligibility criteria and create a synthesis of their findings based on statistical 
analysis. Studies were first selected on the basis of the scientific approach (climate variability in 
terms of dry-humid and cold-warm conditions), the span of time covered (between 900-1300 and 
1500-1850 yr AD), the geographical setting (marine records from the entire Mediterranean Sea and 
terrestrial, biological or historical records within 250 km onshore), the proxy type (climate 
reconstructions based on sea level fluctuations and palaeofloods were excluded although the latter 
were also taken into consideration), the temporal resolution (a threshold of 100 years was used; in 
case of variable resolutions the lowest one was chosen), the existence of a robust age model, and 
the possible overlap with other studies (the most recent or most complete study was considered). 
The resulting 61 studies are listed alphabetically in TABLE E.11. 
The evaluation criteria used in the next step of the reviewing process were simple and straight 
forward. The spatial resolution was described by examining the sample area of the studies. Initially 
there was a differentiation between study and reconstruction sites, based on a threshold of 500 km 
distance between the sampling locations of each study. Thus, the number of reconstruction sites 
was greater than the number of studies, illustrated by the small letters in ‘Map ID’ column of Table 
TABLE E.11. The classes used for each site were ‘one site’ for the single-location studies with only one 
sampling point (e.g., a single sediment core from a single lake), ‘small’ for the single-location studies 
with multiple sampling points, ‘medium’ for the multiple-location studies for a single region below 
500 x 500 km and ‘large’ for the studies that are above this threshold.  
The reconstructions were classified into high- and low-resolution records according to their 
temporal resolution by arbitrary defining a 10-year limit. Low-resolution records are more prone 
to age model errors when we examine a period which may correspond to one or two data points of 
a reconstruction. On the other hand, they provide an aggregated value of the variable examined and 
sometimes a better representation of the low frequency variability in comparison to the high-
resolution proxies. The studies were also divided into those which resulted in a quantified time 
































































































































FIGURE 5.8 Characteristics of 
studies/sites used.  
a. Number of record types 
(dark bars: studies,  light 
bars: sites), b. Number of site 
types (T: Terrestrial, L: 
Lacustrine, M: Marine), c. 
Number of studies/sites per 
5-year interval (mid), d. 
Number of sites during MWP 
(1) and LIA(2); T: 
Temperature and P:  
Precipitation, e. Percentage of 
reconstructed variables (sites 
only); T: Temperature and P:  
Precipitation, f. Percentage of 
reconstructions per period 
(sites only), g. Number of 
studies/sites for each ‘sample 
area’ class, h. Number of 
studies/sites for each 
‘Comparison strength’ class 
(VW: Very Weak, W: Weak, M: 
Moderate, S: Strong, VS: Very 
Strong), i. Percentage of 
reconstructions with high/ 
low (sites only), j. Percentage 















which either concluded to the reconstruction of the proxy used, such as δ18Ο, or to a qualitative 
description of the conditions, e.g. “warm and humid”.  
In order to identify any possible systematic error, age model mis-calibration or possible proxy 
bias due to non-climatic reasons, we compared the reviewed studies with results from other studies 
on the same, neighbouring or larger region and applied a five-class categorization (TABLE E.11). 
Ideally, a ‘very strong’ study compares its results with at least 30 other relevant works or estimates 
the cross-correlation between them, using similar or different proxies on local, regional and global 
scales and illustrates the results graphically in order to match the different climatic fluctuations. If 
most of these prerequisites are found then a ‘strong’ class is designated (e.g., 30 citations, multi-
proxy comparison but only at regional level), and in case that only one or two comparison figures 
are provided then a ‘moderate’ class is assigned. ‘Weak’ and ‘very weak’ classes are applied if no 
graphical comparison is performed and the reviewed literature is above or below 30, respectively. 
The comparison criterion is not dependant to the publication date, and as it can be seen in the 
following section it has a minor impact on the overall outcome.  
 Finally, four temporal splits of 100 years each and four qualitative descriptors (warmer/dryer, 
similar, colder/more humid, and enhanced variability, the latter referring to the succession of 
high/low extremes in sub-decadal scales or disruptions in seasonality) were applied for both the 
MWP (950-1250 AD) and the LIA (1500-1800 AD) in order to decipher the temporal variability of 
climate conditions. Average estimates of 50 years set for high-resolution reconstructions while 
nearest-point estimation applied to low-resolution records.  
RESULTS AND D I SCUSSION 
As expected the studies analysed in this review demonstrate a wide variety in their properties 
(FIGURE 5.8). Seven different types of paleoclimate records were found in the reviewed studies 
(FIGURE 5.8a), the majority of which uses sediment proxies (marine or lake), and only one 
reconstruction is based on a glaciological record. The rest of them are multi-proxy, pollen, tree-ring, 
historical and speleothem reconstructions, on descending order of emergence. As mentioned in the 
previous section some studies may involve more than one site and thus there are 93 reconstruction 
sites for 61 studies. It can be seen in FIGURE 5.8a, that this is the case of tree-rings and historical 
records, mostly. This has a direct impact to the large number of terrestrial sites, which is slightly 
less than the sum of lake and marine sites (FIGURE 5.8b). The majority of the studies were published 
after 2003 showing a steady rise since then (FIGURE 5.8c). The temporal coverage is quite uniform 
with at least 20 reconstructions for temperature and 40 for precipitation for each time slice taken 
(FIGURE 5.8d). However, the proportion of temperature versus precipitation reconstructions differs; 
with the former to be approximately half of the later (FIGURE 5.8e).  The overall coverage of the MWP 





FIGURE 5.9  Spatial/temporal coverage of the reconstructed variables (at sites) and their resolution at 
a. Western/Central and b. Eastern Mediterranean. A different shape is used for each period (a circle for MWP 
and a rectangle for LIA), while the difference in colouring to the variable reconstructed (light for temperature 
and dark for precipitation). The resolution is demonstrated by the surrounding circle/rectangle for high/low 
resolution respectively. 
Most of the studies provide a reconstruction involving a single location or a small sampling 
area, except for tree-rings and historical records (FIGURE 5.8g). The latter usually describe many 





sampling areas refer mainly to pollen studies, while there are a few cases of studies with more than 
one single-site location in wide areas [321]. In terms of comparison strength, the distribution 
shows demonstrates a peak in the moderate class, with almost even amounts of stronger and 
weaker studies. Furthermore, the majority of the reconstructions are low-resolution studies and 
qualitative (FIGURE 5.8i,j).  
The spatial distribution of the different paleoclimate records shows a good spatial coverage of 
the Mediterranean region with some minor exceptions (FIGURE 5.9a,b). The areas with most 
comprehensive proxy-based reconstructions sites are southern Spain, Spanish/French borderlands, 
southern Italy, Sicily and the Middle East. On the other hand, only sparse information is available 
from the central and eastern part of northern Africa, and some gaps are also found in southern 
Greece and northern Italy. When considering climate variable and temporal coverage, the 
framework changes slightly. The most remarkable aspect is the low resolution and number of 
temperature reconstructions in southern Spain (one for the LIA and two for the MWP). The lack of 
temperature reconstructions is also evident in the eastern Mediterranean, not only in Turkey but 
also at the Balkan Peninsula, due to half of the temperature reconstructions for the LIA arises from 
the same study, i.e. Repapis, Schuurmans [294].  
The overall picture of the climatic conditions that prevailed during the MWP and the LIA is 
illustrated in FIGURE 5.10. Most reconstructions agree on temperature, showing that the 
Mediterranean region was warmer than average during the MWP and colder in the LIA, while the 
precipitation signal becomes less clear. However, if we divide the region in three zones, i.e. ‘western’ 
for longitude smaller than 8° W, ‘central’ for the area between 8° and 18° W and ‘eastern’ for the 
rest of them, then the western-eastern seesaw dipole can be seen as indicated in [299]. Thus, while 
during the MWP dry conditions were dominant in western and central Mediterranean (FIGURE 5.10b-
i, b-ii), the eastern part was either wetter or in some cases less stable, shifting irregularly between 
low and high rainfall conditions (FIGURE 5.10b-iii).  During the LIA, there is strong evidence for high 
rainfall for central Mediterranean, slightly weaker in western regions (due to Moroccan droughts as 
seen below) and again opposite or more variable conditions in the east. The spatial distribution is 
more homogenous for temperature (FIGURE 5.10a-i to FIGURE 5.10a-iii). 
The proxy data also imply that these two periods also exhibit strong variability in time. In terms 
of both temperature and rainfall, more uniform climate conditions are observed during the MWP in 
the western Mediterranean (FIGURE 5.10a-i, b-i); note though that only five temperature 
reconstructions are available from this region. In the central Mediterranean the warmest, driest 
periods are observed near 950 and 1250 AD (FIGURE 5.10a-ii), while in the east most records indicate 
a warm humid period between 1050 and 1150 AD (FIGURE 5.10a-iii). During the LIA there is a cold 
and humid period from 1600 to 1800 AD for the western and the central Mediterranean. In the 
eastern region the pattern is more complex as there is an agreement about the low temperatures of 
1700 and 1800 AD, but precipitation demonstrates driest conditions in 1500 AD, strongest 
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variability in 1600 and 1700 AD and again shifts to drier conditions in 1800 AD. The spatial 





FIGURE 5.10  Distribution of the reconstructions (sites) in terms of a. temperature and b. precipitation. On the 
left are the results for the whole Mediterranean region, while on the right western (i), central (ii) and 





































































































































































FIGURE 5.11 Climatic conditions of the Mediterranean during a. MWP and b. LIA for the specified time slices. 
Each circle (Temperature)/box (Precipitation) corresponds to 950, 1050, 1150 and 1250 for MWP and 1500, 







It has been shown that both extreme rainfall events, i.e. daily rainfall, and seasonal maxima/minima 
are associated with teleconnection patterns in a certain degree. However, the links are limited by 
the complexity of the local conditions, which is reflected to the fact that the absence of such 
events/periods might be connected more easily to specific modes of atmospheric circulation. As 
time scale becomes larger the patterns get more distinct; in the largest scale examined it was rather 
clear that an eastern-western dipole can be identified. In addition:  
 NAO and MOI present stronger influence at the regions over the edges of the Mediterranean 
region (seesaw dipole); whereas EA and SCAND affect mostly the central regions.  
 Extreme high rainfall episodes/periods are linked with negative NAO, MOI, WAMI and 
positive SCAND over the region covering the Balkans, Italy, southern France and Spain in 
most time scales examined. Heavy rainfall at the Middle East is associated with the opposite 
phases, while the correlations over northern Africa region are less coherent. 
 Extreme low rainfall episodes/periods show the inverse behaviour in the majority of the 
sub-regions. Deviations from this behaviour can be found only as individual cases at specific 
regions, such as for example the negative phase of EA during low precipitation over Middle 
East.  
 The ENSO index presented the lowest correlation in terms of heavy rainfall and the DIMI for 
extremely dry conditions. For the extra-tropical indices, PEu has the lightest impact over 
extreme rainfall both ways. 
 There is evidence that the dipole scheme describing mean rainfall over the Meditteranean is 
also affecting its extremes. Its presence has been also identified over the 50-year scale 
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Grecce’s most prominent geographical features are the proximity to the Mediterranean Sea and the 
complex orography with abrupt elevation changes. The Pindus mountain range stretches along the 
western part of the country in a northwestern-southeastern direction, dividing it in two halves. The 
larger plains can be found in the central and northern regions of the country, while the majority of 
the wetlands are situated at the western part.Greece’s topography and the surrounding sea have a 
strong impact to the local climate leading to considerable spatial variability.  
Nine different climatic types according to Köppen classification can be found, with the Cs class 
being dominant, i.e. the Mediterranean climatic type, but also including Cf, Df and Ds classes in 
smaller proportions [227]. The overall temporal pattern exhibits strong seasonality, dividing the 
hydrological year into a wet (late autumn, winter and early spring) and a drier (mainly summer) 
period. In terms of spatial variability, higher annual rain is observed to the western part of Greece 
reaching as high as 1900 mm per year, while dry conditions prevail over the south-eastern part 
with anhydrate summers and annual rainfall sums, that may fall below 350 mm (this study). This is 
due to the combined effect of the orographic factor and the large scale atmospheric circulation over 
the Euro-Mediterranean area, which is characterized by strong complexity [46, 209]. During the 
wet period the high elevation of the Pindus mountain range blocks the cyclones which are mainly 
generated at the Gulf of Genoa and move eastwards [76, 178]. It should be noted that the cyclonic 
weather types are associated to over 90% of the total precipitation and hence the rainfall regime is 
strongly connected to the atmospheric pressure patterns [178, 225, 226, 374].  
In larger scale, winter rainfall in the Eastern Mediterranean region was found to be linked with 
several teleconnection patterns such as the North Atlantic Oscillation [74, 76, 93, 145], the east 
Atlantic – west Russia pattern [196], the Arctic Oscillation [76] and the Mediterranean Oscillation 
[76, 199]. Rainfall over Greece follows a similar correlation scheme, which becomes stronger during 
the winter months and milder during the dry period [98, 225, 375]. Earlier analysis of rainfall data 
over Greece suggests that there is a steady decline in annual rain since 1950 especially during 
winter months [98, 163, 225, 226, 375]. Similar results have been presented for the neighboring 
regions and the Mediterranean Sea in general, most of them presenting a significant decrease in 
annual rainfall [63, 116, 261, 265, 274, 284, 374]. The general circulation climate models (GCMs) 
also point towards the same direction, predicting a gradual aridification of the Mediterranean 
region not only in their forecasts, but also in their hindcasts as the IPCC reports and the references 
within suggest [124, 143, 323, 331]. 
This study is based on monthly data and daily maxima per year from 136 stations being active 
during the period 1940-2012, which offer a good representation of rainfall variability over Greece. 
Regions that share statistical properties (see Methods) are identified and the correlations between 
them are investigated. Furthermore, since the most recent studies cover the years between 1950 
and 2000 and do not include the last decade, new evidence are provided on the quantification of 
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change and its significance. To this end slope significance is stochastically estimated with Monte 
Carlo simulation under three different hypothesis instead of following the Mann-Kendal non-
parametric test approach [167, 232], which can lead to overestimation of the exceedance 
probability due to the presence of short-term or long-term persistence [70, 132].  
6.2 Data and Methods 
DATA  
The data set consists of 29 records acquired from the Hellenic National Meteorological Service 
(HNMS) and 107 records from the Special Secretariat of Water (SSW) summing to a total of 136 
records from meteorological stations, mainly distributed in the continental Greece. This involves 
high-quality rainfall records, with small missing-value ratios, all checked and validated by the 
corresponding services. The initial data set was larger, counting 38 time series form HNMS and 146 
from SSW, but it was reduced when some certain preliminary criteria were applied.  
An upper threshold of 1000 m for the elevation was taken to reduce the orographic effect; in 
addition it should be noted that the majority of the remaining stations are located below 400 m 
(TABLE 6.1). The homogeneity of the stations was also examined in cross-correlation basis and a few 
dubious cases were removed, e.g. single stations non-correlated with their adjacent ones. Finally, 
records with total time length below 50 years were omitted, as well as records with less than 20 
complete years of monthly data (360 months). The former restriction was crucial in order to study 
the change in slopes, while the latter resulted in a better aggregation to the annual scale. 
Two time scales were investigated, the monthly sums and the monthly daily maxima, i.e. the 
maximum value of daily rain per month. The period examined covered the years 1940 – 2012, but 
the majority of stations started operating after 1950. During the period between 1953 and 2009, 
the number of stations without any missing monthly values or daily maxima is above 50 for each 
individual year. Furthermore, in the majority of the records (>90%) the missing values number 
does not exceed 20%, while for the two thirds of the stations this value falls below 5%. 
METHODS  
Initially the spatial variability of rainfall according to the principles of exploratory data analysis is 
investigated, using the first three moments of data (mean, standard deviation and skewness), the 
coefficient of variation and the cross-correlation coefficient ρ. Cross-correlations can then be used 
according to the climate networks approach [346] to determine regions with similar statistical 
properties based on their cross-correlation matrix. To this end each station can be regarded as a 
network node; when ρ for two stations is above the threshold of 0.5 then these stations are 
considered as linked. It should be noted that for the estimation of the cross-correlation coefficient 
the difference from the average of each monthly mean was used, due to the strong seasonality of 
the annual cycle. 
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The next step involved the aggregation of time series both in time (sum) and space (mean). 
Spatial aggregation was necessary in order to avoid bias due to the change of station resolution 
between regions; western Greece for example has a larger number of stations compared to 
southern Greece. Monthly values were initially summed to hydrological years (October till 
September) and then spatially to regions with similar properties. If there were any missing monthly 
values during a year this year was excluded, whereas at least five stations with complete 
hydrological years should be found per region to estimate their mean values in space for any given 
year. Slopes were estimated by least squares regression both for each individual station and for the 
aggregated regions. 
A common method to determine slope significance is the non-parametric Mann-Kendal test, 
used widely in similar studies [55, 58, 63, 98, 111, 208, 261, 274, 302, 317, 376, 378]. However, this 
approach assumes independency in time and it has been shown that if this does not hold true the 
results can be quite misleading [70, 131, 132, 198] and modified versions of Mann-Kendal test were 
suggested [131, 132]. Here, another approach is attempted; a Monte Carlo simulation under three 
different hypotheses: independency, short-term persistence and long-term persistence. The first 
hypothesis corresponds to the Mann-Kendal test and is utilized for comparison reasons with the 
earlier studies [98, 375]. In the second case the annual rainfall of each year is correlated to the 
annual rainfall of the previous one as found in longer rainfall records [57, 165]. Finally, long-term 
persistence or Hurst-Kolmogorov behaviour [148, 172] has been found in many other climatic 
variables which manifest multi-scale fluctuations [184, 241, 330, 345].    
The procedure followed was rather straightforward. For each hypothesis, a stochastic process 
was used to create 10 000 synthetic time series of annual rainfall with size equivalent to each 
regional time series. The processes applied were the white noise process, the auto-regressive lag-1, 
AR(1) process and the Hurst-Kolmogorov process; the latter were produced by the aggregated AR 
algorithm proposed by Koutsoyiannis [183]. Normality was assumed due to the small record length, 
which in conjunction with the spatial aggregation procedure mitigated the skewness of the 
empirical distributions. The slope of each time series was estimated by linear regression and a 
marginal distribution was determined for each process in order to determine the probability of 
exceedance for the empirical slopes. Each of the synthetic time series retained the two first 
moments of the empirical data, in the case of the AR(1) model the correlation coefficient was 
derived from the original data, whereas for the Hurst-Kolmogorov process the mediocre value of H 
= 0.75 was given to the Hurst coefficient because the small sample size hinders the estimation of its 
true value [193]. Finally, all data manipulation, analysis and presentation was done by the R 
statistical software [290].        
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6.3 Results and discussion  
VARIABILITY IN SPACE  
The above mentioned strong meridional variability is evident in the results (FIGURE 6.1a). The mean 
monthly rainfall in the western part of Greece ranges between 75 – 160 mm, while almost all of the 
rest monthly means fall between 30 and 60 mm. Standard deviations follow a similar pattern 
(FIGURE 6.1b), but when it comes to the coefficient of variation the pattern changes (FIGURE 6.1c) as 
southern Greece experiences stronger seasonal variability (rainless summers). The majority of the 
records have a coefficient of variation close to 1.0 (TABLE 6.1), while in the south this moves closer to 
1.3. A different regime emerges also for skewness (FIGURE 6.1d); the north-eastern region is more 
positively skewed, implying that extremes are more intense in relation to the observed variability. 
The spatial variability is even more evident if we examine the difference between the minimum 
and the maximum in the maxima (TABLE 6.1). The 1147.4 mm observed at Steni station (332 m; 
central Greece) in the December of 2001 is one order of magnitude higher to the maximum monthly 
rainfall recorded at the station Limnochori (188 mm) which is located at the northern Greece and 
to a higher altitude (598 m). Most of the stations with the highest monthly maxima lie on the 
western Greece, while the lowest are found in the continental northern Greece. The most significant 
deviation from this concerns the Euboea stations, three stations in southern-central Greece (with 
above mentioned Steni station among them) which have elevated means. 
The same picture holds true if the annual rainfall is analyzed, by aggregating each station to the 
scale of hydrological year (not presented here). The only difference is observed in the coefficient of 
variation; eastern Greece is quite higher than the rest, which can be interpreted as enhanced 
interannual variability. The low values of the annual coefficient of variation in the southern stations 
are also connected to their strong seasonality in the monthly scale. Interestingly, the very same 
Köppen climate type (Csa) is used to classify the majority of western, central and southern Greece 





FIGURE 6.1 Spatial distribution of monthly rainfall: a. Mean, b. Standard deviation, c. Coefficient of variation, 





TABLE 6.1 Statistical properties of monthly rainfall per station (columns). Size refers to absolute number of 
records without any missing values. Elev is an abbreviation for elevation, S.d. for standard deviation, C.v. for 














Min 2 188.0 419 28.9 10.7 29.6 0.7 1.0 
Max 1000 1147.4 767 158.8 111.4 147.2 1.3 4.7 
Mean 340 438.3 668 70.8 51.1 69.0 1.0 1.6 
Median 226 403.1 685 60.6 45.6 60.4 1.0 1.5 
S.d. 311 188.3 60 29.0 21.5 28.2 0.1 0.4 
The expected value of the daily maximum per year is close to 100 mm for western Greece and 
to 50 mm for the rest of the stations, while the observed maxima range from 71 to 463 mm (TABLE 
6.2). This picture generally agrees with the monthly rainfall on terms of means and standard 
deviations (FIGURE 6.2a,b), but when it comes to absolute maxima the pattern weakens. Similarly, the 
coefficient of variance and skewness do not show any distinct pattern, except a below-average set 
of values in north-western Greece (FIGURE 6.2c,d). Interestingly, the coefficient of variation of 
maxima is not correlated to the skewness, which indicates that there are some locations where 
there is strong variability in the interannual maximum daily rainfall (high standard deviation, low 
skewness), and some others that experience single episodes with values quite higher than the 
expected value (high skewness, low standard deviation).  
This means that although each year the expected maxima are higher in western Greece, specific 
extreme rainfall events can be as high or even higher in the rest of the stations. A possible reason 
behind this phenomenon could be that the extreme rainfall events are independent to the general 
atmospheric circulation. Another possible explanation is that when we investigate extreme events 
the sample size may not be sufficient to identify possible correlations in space; for example if such 
events correspond to a return period above 100 years, then 60 years of data of spatially correlated 
stations would not be enough to determine any spatial relations.  
The examination of the cross-correlation matrix between the stations combined with the above 
findings led to the division of  the records to eight sets with similar climatic properties (FIGURE 6.3; 
TABLE 6.3 and TABLE 6.4). Standard deviation or coefficient of variation in space can be considered as 
simple criteria to compare the uniformity between the groups. Group A (Sterea Hellas) shows the 
poorest performance; this could be linked to the combined effect of the the relatively small number 
of stations and the Euboea stations, which although they are highly correlated to the rest of the 

















Min 20.0 71.0 22.0 39.3 36.2 12.0 0.2 
Max 76.5 463.0 51.0 109.8 104.0 63.4 0.8 
Mean 30.8 151.6 39.1 66.4 62.1 25.1 0.4 
Median 28.0 140.2 39.0 65.8 61.0 23.3 0.4 
StDev 10.6 56.6 5.4 15.4 15.3 8.0 0.1 
 
 
FIGURE 6.2 Spatial distribution of annual daily maxima: a. Mean, b. Standard deviation, c. Coefficient of 
variation, d. Skewness. Red is used for high values, whereas green for low. 
Western Peloponnesus (P2) has very similar properties with the Western Greece group (W), 
Eastern (E) and Northern Greece (N) are also close, and some similiraties can be found in Central 
Greece (C), Sterea Hellas (A) and Eastern Peloponnesus (P1). The Islands group (S) stands alone; 





cross-correlations (FIGURE 6.3a,b) and the monthly distributions of rainfall (FIGURE 7.4c). Two distinct 
features also emerge; the long-range correlation between rainfall in western and eastern Greece 
and the stronger correlations in regions W, P1 and P2 compared to the other regions. 
For validation, the aggregated time-series were compared with high-resolution gridded data, 
provided by Koninklijk Nederlands Meteorologisch Instituut, KNMI, (E-OBS 0.25° dataset). There 
was good correspondence between and some long-range correlations with central and western 
Mediterranean were found for the western regions (FIGURE 6.4a-c). This is also confirmed by other 
researchers and linked with the general circulation patterns described in Section 5.1. Interestingly, 
it seems that different regions of Greece, e.g. region A (FIGURE 6.4d-f), is not correlated in the same 
manner in larger spatial scales.  
Daily maxima properties present a similar behaviour to the annual regime when it comes to 
their means and standard deviations. However, the mean of the absolute maxima is very close for 
all areas ranging from 140 to 170 for all the groups but northern Greece (N). The southern areas (A, 
P1, S) experience the highest values followed by the western (W, P2), while the northern the lowest. 
This strengthens the hypothesis that extreme rainfall events might not be linked to large scale 
atmospheric circulation and also suggest a possible link to the meridonal temperature gradient. The 
southern records (A, P1, P2 and S) also show higher skewness, due to the existence of some very 
high maxima among them. 
TABLE 6.3 Statistical properties of annual rainfall (hydrological years) per group of stations. S.d.s and S.d.v. are 
the standard deviation in space and time correspondingly, C.v.s and C.v.t are the coefficients of variation in 
space and time respectively and ACF is the auto-correlation function coefficient for lag equal to 1 year. 
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19 436 1047 264 274 0.25 0.26 0.25 0.14 
W West  33 374 1266 262 305 0.21 0.24 0.54 0.10 












FIGURE 6.3 a. Cross-correlation network of the monthly differences; size of circles corresponds to the number 
of links with other stations. b. Cross-correlation network of the aggregated time series in the annual time 






Annual rainfall is also connected to the topography in terms of elevation [118]. As the time-
series is aggregated in space this could introduce bias in the regional time series if the majority of 
the stations in a group are in higher altitude than the others. To verify that the threshold of 1000 m 
is sufficient for station elevation the correlation between annual rainfall and longitude was 
compared and annual rainfall and elevation (FIGURE 6.5). It is evident that the link to the latitude is 
stronger and can be regarded as a better descriptor of the expected annual rain than station 
altitude (when it is less than 1000 m).  
TABLE 6.4 As TABLE 6.3 but for annual daily maxima. Max is absolut maximum observed in each group of 
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53 10 22 201 119 2.3 1.0 1.23 












73 13 28 232 152 2.3 0.8 1.44 
W West  78 11 25 463 163 2.1 0.8 1.06 
S South, Islands 53 9 31 259 170 3.1 1.4 2.21 
 
FIGURE 6.4 Cross-correlation of annual rainfall of group W (a. – c.) and A (d. – f.) with annual rainfall in the 
Mediterranean region for winter months (December to February).  Each point above 0.5 is depicted as 






Furthermore, if simple linear regression is applied to make a crude estimate of how rainfall 
changes with elevation some remarks may be made (TABLE 6.5). Group C has the best fit and the 
overall estimate for the rainfall increase due to elevation could range between 30 – 60 mm per 100 
m for continental Greece (however the uncertainty is high). The low slope of group N is possibly 
linked with the prevailing low winter temperatures of northern Greece and snowfall; while the high 
slope at group A could be an artifact due to the group heterogeneity (also discussed above). All the 
stations in groups E and S are below 200 m and thus R2 values are close to zero and no conclusion 
can be made for these stations. A final remark could be that below 1000 m in the western regions of 
Greece the mean annual rain is higher even though the mean elevation of the stations is lower.  
TABLE 6.5 Results of linear regression per group of stations. 
Group Slope Intercept R2 
E 0.28 594 0.03 
N 0.12 566 0.11 
C 0.60 477 0.55 
A 1.46 446 0.25 
P1 0.27 526 0.38 
P2 0.32 904 0.18 
W 0.42 1110 0.26 
S 0.14 420 0.02 
 






VARIABILITY IN TIME  
Rainfall over Greece exhibits strong variability in time in both annual and decadal scale (FIGURE 6.6). 
Aggregation of the group time series in the annual scale (hydrological year) showed that rainfall 
does not vary in the same way at each region. However, at larger scales such as the decadal, it can 
be seen that during the decade 1956-66 was the wettest for most of the regions, while the driest 
period can be found during the years between 1985 and 1995. In the first period the annual rainfall 
reached its maximum in most of the stations in the hydrological year 1963-1964, while during the 
dry decade the majority of minima can be found during 1990-91. Notably, maxima and minima at 
the mean of the daily maxima did not occur during these periods; 1950-51 was the year with the 
highest mean of daily maxima and 1974-75 the year with the lowest.  
The examination of the slopes of the annual rainfall for each station showed an overall decrease 
all over Greece (Appendix E; TABLE E.12). The slopes are sharper at western Greece and almost 
inexistent at central and southern Greece and the region close to Athens. These findings are in a 
good agreement with prior research results [98, 163, 225, 226, 284, 375], as the western part of 
Greece is linked more closely to the atmospheric circulation over the Mediterranean Sea [98, 225, 
375]. This is also reflected in the aggregated groups of stations: five of them presented a decline in 
annual rain, two remained steady, and only one showed an increase (TABLE 6.6). Furthermore, the 
groups that do not show any decrease (P1, S and A) are the groups with the smallest number of 
stations, which increases the uncertainty of these findings. The monthly distribution of the slopes 
shows that there is a decrease in the rainfall during November–January and a slight increase during 
July–September. January is the month with the largest decline (FIGURE 6.7), which is also in 
accordance with earlier findings [98, 265].  
As discussed in the Methods section, when estimating the significance of the slopes the choice 
of the statistical model may seriously affect the outcome of the analysis. All previous studies used 
the non-parametric Mann-Kendall test, which assumes independency in time; i.e. the statistical 
model used is the ‘white noise’ model (WN). One could argue that the auto-correlation function 
suggests that in this case the lag 1 year correlation coefficients are relatively small and thus the 
effect of autocorrelation is weak and it could be regarded equal to zero. This is not true as the 
results suggest (TABLE 6.6); for example at region C (ρ = 0.2) the probability of exceedance for the 
white noise assumption (similar to Mann-Kendal test) is 3.7% which is below the traditional 5% 
confidence interval. If the AR(1) model is used then the probability goes to 7.7%, while in the Hurst-





FIGURE 6.6 Aggregated time series (hydrological years) per group of stations and their decadal moving 
average (dashed lines). Light blue and yellow blocks depict the wettest and driest decades based on the 
decadal mean of all stations.  
 
FIGURE 6.7 Monthly rainfall slopes per region. 
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We can see that the region with the highest absolute decrease is W (TABLE 6.6), while in terms of 
the relation to the annual mean groups E and N prevail. Is this change statistically significant 
though? Monte Carlo simulation clearly shows that the answer is highly dependent on the statistical 
framework used. Independency cannot be assumed so easily, even if the auto-correlation coefficient 
is close to zero due to the relatively small sample size. On the other hand, HK behaviour is masked 
in datasets with fewer than 100 values, which led some researchers to argue that annual rainfall 
demonstrates short term persistence and should be ab artifact by an auto-regressive and not an HK 
process [57, 165]. The estimation of the H coefficient for annual rainfall with the LSV-H method 
[183, 351] showed that most stations have values in the 0.7 to 0.8 interval (FIGURE 6.8). This was also 
recently confirmed by the identification of LTP in a 300-year rainfall instrumental record [378]. 
Another indication supportive to the use of the HK model in rainfall records comes by the 
investigation of paleoclimatic data, as discussed in Section 3.2, where different precipitation 
reconstructions were found to exhibit strong HK behaviour. In addition, Section 4.2 it has been 
shown that even though precipitation records may exhibit no or short-term correlation in smaller 
scales, when the time scale grows, then the HK behaviour emerges. 
Thus, depending on the assumption made, the observed change could be extremely rare 
(independency; min(p) = 0.0006), rare (short-term persistence; min(p) = 0.09) or uncommon 
(HK dynamics; min(p) = 4.2). Furthermore, uncertainty is influenced by the homogeneity of each 
group and its total number of stations, which increases the reluctance for the results about the 
group A; two of the stations are located in the capital, where they might be affected by the thermal 
island phenomenon and two in the Euboea island (see section 4.1) in a total of 9 stations. The low 
number of stations should also be taken into consideration for the findings of region S. The same 
steps were followed for mean daily maxima per year, but no significant slope was identified except 
for groups A and C, even for the WN assumption. Notably, the linear correlation between mean daily 
maxima and annual sums (second column in TABLE 6.6) is not preserved  in longer terms, which is 
also confirmed by previous studies [163, 177].  
 




TABLE 6.6 Slope per region (annual and January rainfall) and the probability of exceedance P(x) for three 
different statistical models; ρ is the correlation coefficient for lag 1 year, while λ is the cross-correlation 
coefficient between annual sum and mean daily maximum per year. 
There is also a final observation that strengthens the plausibility of the HK dynamics.  
Examination of the slopes under different temporal scales and time windows (moving slopes) 
showed that they are not constant in time but they constantly change value and sign (FIGURE 6.9a,b). 
For example, we can see that during the last 15 years rainfall over Greece has remained rather 
stable, but during the last 30 years there was an increase, while since the 1950s rainfall has 
declined. This kind of change could be the result of simultaneous processes in different scales, 
which is another property of HK dynamics [183]. Notably, if the Monte Carlo method is used to 
establish the 5% confidence intervals for the change in slope of each model (white noise, AR(1) and 
HK), then the HK process is the one that encloses the majority of the observed slopes. The increase 
of the last 30-years (FIGURE 6.9a) may imply a raise in the cyclonic activity [226, 338] or/and 
enhanced southern meridional flow (Feidas et al. 2007 and references within). Possible 
explanations can also be linked with general atmospheric circulation, i.e. changes in NAO behaviour 
or the other indices linked with rainfall over Eastern Mediterranean.  
The moving slope approach shows that at smaller scales (FIGURE 6.9a) each region behaves 
differently, while at larger scales (FIGURE 6.9b) there is a convergence. This can be seen more easily, 
if a constant point in time is taken, such as the first (FIGURE 6.9c) or the last (FIGURE 6.9d) points of the 
records are taken and calculate each slope starting at a 15 year-window, which is stretched to the 
full record. Convergence emerges at 40-50 years, which is the point that the standard deviation of 
each record becomes relatively stable (FIGURE 6.9e,f). However, even in these time windows the slope 
of some regions may differ; for example in FIGURE 6.9c,d, the northern regions (W, N, E, C) finally 
converge between -2.5 to -5 mm/y, while the southern (P1, P2, S) are close to zero (again region A 
shows quite different behaviour). On the other hand, it seems that the periods with maximum or 
minimum rainfall (decades 1956-1966 and 1985-1995 correspondingly) are encountered almost 
synchronously, which could imply that the rainfall extremes in space are linked to the extremes in 
time.      
Group   Slope b P(x) > |b| (× 10-2) Same for January 
 ρ λ (mm/y) (%) WN AR(1) HK WN AR(1) HK 
E 0.23 0.60 -2.61 -0.42 0.7 2.6 10.0 0.04 1.1 4.3 
N 0.30 0.65 -2.71 -0.44 0.06 1.1 4.2 0.4 1.1 7.8 
C 0.20 0.50 -2.75 -0.35 3.7 7.7 17.2 38.3 39.7 44.4 
A 0.34 0.59 3.69 0.58 0.3 3.2 6.7 44.3 44.6 46.3 
P1 -0.01 0.41 -0.55 -0.08 28.6 27.7 38.2 7.2 8.0 22.4 
P2 0.14 0.32 -0.29 -0.03 41.8 42.4 45.9 3.9 9.6 18.6 
W 0.10 0.55 -4.32 -0.33 0.5 0.9 8.5 0.4 4.8 8.6 






FIGURE 6.9 The slope of rainfall per region in different time windows: a. 15 years, b. 30 years, c. starting at 
1997 and extending backwards (and the corresponding standard deviation e.), d. starting at 1951 and 
extending forwards (and the corresponding standard deviation e. – f.) 
Finally, the results were compared with Coupled Model Intercomparison Project Phase 5 
(CMIP5) ensample mean derived from KNMI database (FIGURE 6.10a,b). For this purpose the 
region W was chosen because, as discussed above, it has the largest number of stations, it features 






general atmospheric circulation. One can see that there is a strong discrepancy, especially as we 
move to the 30-year scale. Such discrepancies have already been highlighted [10, 190] and are also 
confirmed in this case, suggesting that GCMs are still not capable to describe regional climate 
variability even in larger scales.   
     
FIGURE 6.10 Comparison of moving slopes for a. 15-year and b. 30-year time windows between region W 
(dashed red line) and different CMIP5 scenario ensample means (rcp26, rcp45, rcp60, rcp85; grey solid lines). 
The slopes were normalized since CMIP data were in kg m-2 s-1. 
6.4 Conclusions 
The main conclusions of this study may be summarized as follows: 
1. Greece can be divided into eight areas with common statistical properties regarding rainfall. 
Areas at the western Greece and Peloponnesus (regions W, P1 and P2) were the most 
homogenous, whereas Sterea Hellas and southern Greece (regions A and S) the most 
incoherent and should be investigated more in the future. 
2. Different cross-correlations between different areas reflect the effect of the orography to 
the rainfall regime. Western Greece experience higher monthly rainfall and the same can be 
concluded for the mean daily maxima per year. The ratio of mean daily maxima to monthly 
means shows a reverse pattern, though. 
3. Hurst behaviour is evident; however due to small record lengths the H coefficient cannot be 
determined with much accuracy. The mean value was estimated near 0.75. 
4. Slope significance is highly dependent to the statistical framework used. There are strong 
indications that the observed variability lies within its natural intervals. 
5. The annual rainfall changes in different scales; the larger the scale the more spatially 
homogenous the variation. Even at the threshold of 50 years there are differences between 
northern and southern Greece. 
6. Most regions show a decline since 1950, an increase since 1980 and remain stable during 
the last 15 years. On the other hand, decadal extremes seem to affect all the regions 
simultaneously.  
7. There is an antithesis between the above findings and the latest results of the CMIP5, 











7 HYDRAULIC WORKS AND CLIMATE, THE CASE OF 
CRETE 
Markonis Y, Angelakis A, Christy J, Koutsoyiannis D. Climatic Variability and the Evolution of 
Water Technologies in Crete, Hellas. Water History, in revision. 




During the last few years societies have been increasingly concerned about the possible effects of 
climatic variability on human prosperity. The simplest way to analyze this complicated relationship 
is to quantify climatic variability by examining the climate of the past and then studying its impact 
on human societies. The Mediterranean basin is one of the most appropriate regions for such 
analysis because (a) it has been the cradle for some of the oldest human civilizations with 
continuous presence till today [99], and (b) it demonstrates a rich history of climatic variability 
during the Holocene, with different periods composed by quasi-cyclical patterns and extreme 
events [16].  
One possible way to link the effect of climatic shifts to human development is through the 
relationship between climate and water resources, as the former influenced agricultural and animal 
husbandry. In this context, the evolution of water and wastewater management technologies played 
an important role in the overall advancement, or even survival, of the human societies. Moreover, 
the study of ancient, historical or even recent hydraulic technologies can be also used as an indirect 
indicator of past climatic regimes, as it appears to be highly affected by climatic variability. The 
island of Crete constitutes a promising candidate for exploring the relationship between climate 
and water management, because it is both isolated and there is an abundancy of archeological and 
historical evidence.  
The island of Crete was the center of Europe’s first advanced civilization, the Minoan [248]. The 
earliest human settlements on the island date back to the ceramic Neolithic period (ca. 6,400 BC). 
Ancient Knossos was one of these major Neolithic (then later Minoan) sites. The Minoan civilization 
reached its peak during the Bronze Age (ca. 3,500–1,400 BC), when several localities on the island 
grew to cities which further developed into centers of commerce and craftsmanship. Soon its 
cultural influence and trade relationships extended beyond the borders of the Cretan island 
reaching destinations as far as Cyprus, Egypt and Anatolia. The Cretans were well-known for their 
navy which dominated the Aegean Sea, their artistic pottery, and their luxurious palaces and villas. 
 
FIGURE 7.1 The island of Crete in Mediterranean Sea. The locations of the meteorological stations are shown in 
the embedded window (A. Chania, B. Iraklion and C. Sitia). 
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Although, earlier nearby civilizations were born and flourished in environments where water 
was abundant, such as large river valleys (e.g. the Egyptian civilization in the Nile valley or the 
Sumerian in the Tigris-Euphrates river system), the Minoan civilization was different in this 
respect. As paradoxical it may seem, the majority of the ancient Cretan settlements were 
established in dry, water-scarce sites with minimal rainfall and not near the small-scale rivers and 
lakes that did exist on the Cretan island. A possible explanation for this choice could have been that 
it was based on climatic criteria that affect health: dry climates are generally healthier, e.g. they 
reduce spread of water–borne diseases. Water scarcity forced the inhabitants of the first Cretan 
cities, to invent and develop necessary technologies in order to transfer and store water, and at the 
same time to maintain high hygienic living standards [14, 16, 18]. The progress in urban water 
supply was even more noteworthy, as witnessed by several aqueducts, cisterns, wells, and other 
water facilities discovered, including the famous Minoan aqueducts of Knossos and Tylissos, the 
cisterns of Zakros, Archanes, Myrtos–Pyrgos and Tylissos, the wells of Paleokastro, Zakros, and 
Itanos [195].  
Until the end of the Minoan period the technological infrastructures and management solutions 
were gradually transferred in mainland Greece and to other Aegean islands. During the Classical 
and Hellenistic periods, they spread from Greece southward to the Arabic world and probably 
eastward to Persia and India. The next technological steps were taken first by the succeeding 
Roman Empire, which changed the scale of their application, and afterwards by the Byzantine 
Empire which further improved urban water management. The Byzantine and the Venetian periods 
constitute the underpinning of modern achievements in water engineering and management 
practices [14]. 
7.2 Climate and water in Crete 
PHYSICAL SETTING,  PRESENT DAY CLIMATE  AND WATER AVAILABIL ITY  
Crete is a mountainous island located at the eastern Mediterranean, in the southern part of the 
Aegean Sea (FIGURE 7.1). Due to its position between Asia, Africa and Europe it held a strategic 
location, as it forms a natural and vital bridge between the three continents. This unique 
geographical position determined its historical course throughout both antiquity and modern 
times. The climate of present day Crete is primarily temperate (FIGURE 7.2). The island lies between 
the Mediterranean and the North African climatic zone. The northern part of the island is generally 
more wet than the southern, and the two parts are separated by a central mountainous region, 
where snowfall is common in the winter. In the lowlands the winters are milder, while during the 
summer temperature averages at 30°C, with maxima reaching 40°C. The average and maximum 
temperatures are higher throughout the year at the south coast of Crete, a region where climate, 
vegetation and landscape resemble those of Mediterranean Africa.  
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The precipitation in Crete falls mainly from frontal systems, linked to the interaction of 
contrasting air masses in eastward moving depressions, and orography due to the existence of 
three main mountainous formations [126]. Therefore, it exhibits intense spatial and temporal 
variation; it decreases from west to east and from north to south [363], while it also increases with 
altitude. In particular, the average precipitation ranges from 440 mm/year on the plain of Ierapetra 
(southeastern Crete) to 2000 mm/year in the Askifou uplands (northwestern Crete). The mean 
annual precipitation in eastern Crete measures 815 mm/yr while in western Crete it measures 
1050 mm/year (Angelakis, personal communication). Moreover, as can be seen in FIGURE 7.2, 
annual precipitation is divided into a wet and a dry season; the first one lasting from October to 
March, and the second one from April to September [11]. Approximately 90% of the annual 
precipitation falls during the wet season, with daily maxima reaching 110 mm in Iraklion 
(northeastern Crete), 170 mm in Chania (northwestern Crete) and much more in mountainous 
areas. 
Further analysis, based on the available data (Hellenic National Meteorological Service and 
Platakis [286]) from the meteorological stations at Iraklion and Sitia located in the northeastern 
part of the island and Chania (Souda airport) in the northwestern part, showed a small raise in 
temperature and a slight decline in rainfall. The rise in temperature began in the 1990s after a 
steady decline, which has been confirmed also by Metaxas [250] for a longer time series (estimating 
a drop of 1°C since 1920), and was consistent with the overall cooling observed in the Eastern 
Mediterranean [52]. Within–year daily variability of temperature has remained constant during the 
last 60 years. In northwestern Crete (Chania) the standard deviation of daily average temperature 
within a year is approximately 6°C and is slightly lower (5.5°C) further east (Iraklion). Daily 
maximum and minimum temperature values remain steady as well, with a slight increase in winter 
minima. In general terms, the precipitation regime demonstrates seasonal stability as well, as there 
has not been any serious disturbance in the wet/dry season pattern (FIGURE 7.3). However episodes 
of extreme rainfall (purple line in FIGURE 7.3) seem to have become scarcer and less intense during 
the last 25 years, but this could be related to the 1987–99 dry period, because extreme daily 
precipitation maxima tend to occur during wet periods.  
 
FIGURE 7.2 Temperature (lines) and precipitation (bars) of Iraklion, Chania and Sitia (Data from Hellenic 














































In Mediterranean areas, sustainable water resources management is a major issue, given the 
semi–arid climate, the variability of hydrological characteristics and the fragile socio–economic 
conditions [109]. Water resources in Crete are characterized by high water requirements for 
agricultural and tourism during the dry season, when water availability is low. Groundwater is the 
major source of water in Crete, covering more than 95% of water uses both for domestic and 
irrigation needs, with the latter being 84.5% of the total [67]. The increase of water demand for 
irrigation purposes during the last decades is also evident by the increase in the number of 
boreholes. Moreover, by the 1990s many phreatic aquifers showed signs of depletion and many 
deep boreholes were opened. As a result, a growing number of the island’s coastal aquifer systems 
are reported to be affected by quality deterioration (salinization and nitrate pollution) due to 
unsustainable water management practices [202].  
 
FIGURE 7.3 Wet- (blue line) and dry- (red line) season precipitation of Iraklion. Purple line represents daily 
maxima, while the red bars above show the wet-season precipitation as a percentage of annual precipitation. 
LONG–TERM CLIMATIC VARIABILITY  
We have a rather good picture of climatic variability during the Holocene at the Eastern 
Mediterranean, which is the name of the current interglacial period started at about 12 thousand 
years BP [366]. The transition from the last glacial was rather abrupt in the northern hemisphere 
(FIGURE 7.4), reaching maximum temperatures at a period centred at 9 thousand years BP (Holocene 
Climatic Optimum; HO) and then succeeded by a monotonous cooling trend [247]. The previous 
interglacial period is called Eemian period or Marine Isotope Stage (MIS) 5e and occurred 128-116 
thousand years ago. During this period sea level was approximately 5 m higher than today [306], 
the SST was 1-2 °C warmer than today (eastern sub-basin was about 1 °C warmer than the western 
one) and more wet conditions prevailed. Climatic variability was evident with abrupt coolings [5, 







































































































































































































































































































in MIS 7 the sea was 9-18 m lower than today [34], while pollen records indicate that the climate 
was much wetter than MIS 5e and hence than today [365]. 
The Mediterranean region also seems to follow in some extent the general global cooling. In the 
western Mediterranean both sediment sea surface temperature (SST) and pollen air temperature 
reconstructions agree on a 1-2 °C gradual decrease since HO [303]. However, eastern 
Mediterranean seem to have preserved the temperature to the HO levels [65]. In terms of 
precipitation, the evolution of the Mediterranean climate can be separated in three intervals; (a) an 
initial wet period (12-7 thousand years BP), (b) a transition phase (7-5 thousand years BP) and (c) 
a dry period (5 thousand years BP till today) [160]. Again, even though there is evidence of these 
phases all over the study are, the observed change is not spatially synchronous [64].  
During the HO warm and wet conditions dominated over the whole region [209]. Elevated 
freshwater input is evident both from the European and the African coast, which is in agreement 
with the melting of the glacier ice and the high precipitation observed over central and northern 
Europe[298], as well as the enhancement of the Asian/African Monsoon [270, 305]. During this 
warm and wet period, though, an event of abrupt cooling and aridity occurred over northern 
hemisphere commonly known as the “8 200 years event”. The drop in temperature reached a 
maximum of 6°C in Greenland, and smaller decreases in southern areas such as the Mediterranean. 
There, the decrease in SST was lighter (0.4 °C) in the western part and stronger in the east (1.3 °C), 
which coincide with dry conditions at the Iberian Peninsula [258] and wet at Italy, Greece, north-
eastern Africa and Middle East [180, 200]. This might indicate that the seesaw dipole discussed 
above might have been a climatic property of the Mediterranean region for the whole Holocene.  
 
FIGURE 7.4 Stalagmite oxygen isotope record from Sofular Cave in northern Turkey presented here in two 
different time scales. In (a) the contrast between the glacial and interglacial regimes is evident, whereas if we 
focus on smaller scales during the interglacial period (b), the centennial variability is demonstrated 




The best source of data for the Cretan climate evolution for the period 10,000 – 2,000 years BC 
are three paleoceanographic reconstructions of temperature and precipitation presented in Table 1 
[112, 305, 341]. The three records have different time resolutions (TABLE 7.1); the Triantaphyllou 
reconstruction (Tr09) has the highest resolution, followed by Rohling (Ro02) and Geraga (Ge05), 
and therefore Tr09 can be used more efficiently in order to depict climatic variability (FIGURE 7.5). 
After the termination of the last glacial epoch, 12 000 years ago, the cold and dry climatic 
conditions that prevailed in the region [283] were succeeded by an extremely wet period that 
started at approximately 8,000 BC and ended near 4,500 BC. Moreover, in his pioneering study 
Bottema and Barkoudah [49] showed that the vegetation in Southern Crete was dominated by oak 
and pine species, suggesting more humid conditions than present day. This was also in good 
agreement with the northern Aegean salinity levels [180], with the level fluctuations of the lakes 
Ioannina, Kastoria, Vegoritis and Chimaditislakes in northern continental Greece [48] and with 
vegetation changes in western Taurus mountains in south–western Turkey [30]. During this warm 
and wet period, though, the sudden cooling and aridification of the 8,200 event (ca. 6,200 BC) has 
influenced the Neolithic settlements in Greece, Adriatic, Sardinia, Southern Italy and Cyprus [40, 
250, 368]. This abrupt change was also evident in all three reconstructions in Crete, suggesting that 
it was a climatic event that affected a large proportion of the Northern hemisphere.  
 
FIGURE 7.5 Paleoclimatic reconstructions of (a) Surface Sea Temperature (SST) and (b) Freshwater Input 
(Humidity). Thick black line corresponds to Ro02 record, light gray with box markers to Ge05 record, and the 




















































TABLE 7.1 Paleoclimatic reconstructions of Surface Sea Temperature (SST) and Freshwater input 
(Precipitation) 
Abbreviation Ro02 Ge05 Tr09 
Reference Rohling et al., 2002 Geraga et al., 2005 Triantafyllou et al., 2009 
Location N35°39′ E26°34′ N36°32′ E24°12′ N36°38′ E27°00′ 
Resolution (year) 125 500 – 2000 50 – 450 
Time interval 
(year BC) 
11,000  – 0 48,000 – 1,000  10,500 – 1,000 
















(Foraminifera), Pollen  
The climatic conditions that prevailed during the period between 4,500 and 3,500 years BC, are 
rather unclear as there are conflicting results in scientific literature [99], reflected also in the three 
proxy-records; two of the time series (Tr09 and Ge05) depict high temperatures, while on the other 
hand the Ro02 record presents colder water temperatures. Interestingly, this period is considered 
by archeologists as a time of widespread rapid climate changes that triggered social change in the 
south–eastern European communities and led to the collapse of the Chalcolithic Age [369]. Several 
observations document moist conditions for the next millennium (3,500 to 2,500 BC), which 
coincide with the onset of Minoan civilization approximately at 3,200 BC [16, 99]. This is also 
supported by a number of studies to nearby locations [23, 32, 224, 267, 275]. After this period, a 
mild aridification of the region is observed [33, 99, 361, 370].  
The pattern of alternating periods of humid and dry periods continued during the Iron Age (ca. 
1300–600 BC) with another cold and humid period; after that, during the classical and Hellenistic 
times (ca. 600 – 67 BC) the climate was rather warm and dry.  It then returned to colder and 
moister conditions during the Roman period (ca. 67 BC–330 AD) and thereafter [12, 315]. In 
addition, the period of 1350–900 BC, was characterized by rather unstable conditions in Aegean 
Sea, a time of increase in frequency of floods and droughts and the disruption of cropping cycles 
[254]. During the Arab period a warm and dry climate prevailed and reached a peak of high 
temperatures and drought at ca. 800AD [12]. In the same period, there is large amount of historical 
references in extensive episodes of drought in the eastern Byzantium [337], which is supported by 
paleoclimatic data [59, 201] and the limited flood activity of Anapodaris River [224]. A recent proxy 
record from Middle East shows a large drop in precipitation in the time period 100–700 AD [269], 
while two other sediment records coming from northern Aegean Sea indicate a dry phase around 
300 AD [88, 197], respectively.  
In the Medieval Warm Period (MWP; ca. 900 – 1300 AD), when hot and dry conditions emerged 
across northern and central Europe, the climate was quite different in the eastern Mediterranean, 
where temperature dropped, harsh winters became more frequent, and precipitation increased, 
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although some extremely dry intervals had been observed [29, 99, 336]. This period of humid 
conditions is also evident in various locations at the eastern Mediterranean Sea at 1100–1400 yrs 
AD [315]; such as the Dead Sea [92]; the lakes Nar [161] and Van [370] at Turkey; coastal Syria 
[164] and southern Jordan [144]. The Little Ice Age (LIA; ca. 1500 – 1850 AD), which followed MWP 
and was characterized by the expansion of glaciers globally, had the same impact in Crete and 
eastern Mediterranean as well [29, 99]. According to [126], which is based on historical, 
documentary sources, there was a certain increase in the number of the severe winters between 
1547 and 1645. However, the precipitation levels dropped and dry conditions prevailed, as 
presented in Greek historical documents [293]; in marine and lake sediments at Middle East [92, 
158, 315]; and in the Soreq cave record [32].  
If we sum up all the above sources we can create an overall picture of the climatic fluctuations 
in the eastern Mediterranean and more specifically in Crete during the last 10 thousand years 
(FIGURE 7.6). This reconstruction demonstrates the succession of warm/cold or moist/dry periods, 
which lasted from a few centuries to some millennia and imply that the climate of the whole region 
was far from stable. This is in good correspondence with the changes in smaller time scales (i.e. 
years or decades), which are observed in the instrumental records, as described in the previous 
section.   
 
FIGURE 7.6 Climate reconstruction of Crete for the last 10,000 years based on proxy and historical data. 
7.3 Water and wastewater technologies in Crete through 
history 
M INOAN C IV ILIZATION (CA.  3,2001,100  BC) 
Although the island of Crete was first inhabited after ca. 6 000 BC, the Minoan civilization 
eventually developed and flourished during the Bronze Age, three thousand years later. The 
archeological findings suggest that a highly organized civilization was developed in Crete and in the 
islands of the south Aegean Sea (e.g. Santorini). At that time the Mediterranean was a contentious 
region for more than two millennia. In the list of the wars (including those related to water 
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conflicts) before ca. 1000 BC worldwide, one can see that most of them occurred in Mediterranean 
region where the Minoan civilization dominated for almost two millennia.  
However, it is very interesting to note that in none of these wars and/or conflicts, Minoans 
were militarily directly or indirectly involved. Not only that, but Minoans acted as intermediates 
trying to impose peace. This Minoan Era was calledthe Pax Minoica or ‘Minoan peace’ [95] – a 
period when cities needed no walls, castellum or fortresses, and other military structures. Thus, 
Minoans had the time and the required knowledge to concentrate on arts, culture, and technologies.  
Amongst other evidence, the level of this advanced culture may be demonstrated by the innovative 
techniques used for collecting, storing, transporting and using surface-water and ground-water 
resources [14, 195]. This suggests that the engineers of the Minoan times had a good degree of 
understanding of the basic water management techniques well before the scientific achievements of 
our times [11]. This ancient infrastructure can only be compared to modern hygienic water 
systems, reestablished in Europe and North America from the second half of the nineteenth century 
AD. Such hydraulic infrastructures include cisterns used for harvesting and storage of rainwater, 
toilets flushed by rainwater, water distribution systems, and sewerage and drainage systems.  
The hydro-technological advancements created at that era comprised: (a) cisterns and other 
water harvesting facilities (resembling modern day infrastructure); (b) urban water, wastewater, 
and storm-water management systems; and (c) aqueducts that ensure superior water quality and 
safety against pollution and sabotage. Cisterns were used to store rainfall water, while the 
aqueducts’ purpose was to transfer it from springs or surface sources. Two examples which 
highlight the application of cisterns and aqueducts are illustrated in FIGURE 7.7 (the aqueduct of 
Tylissos village and the central cistern in Zakros palace), while more cases are also described 
in [15]. In addition, storm drainage and sewer systems (FIGURE 7.8), can be found in the palaces to 
discharge water and wastewater [222]. Open terracotta and stone conduits were used to convey 
and remove stormwater and limited quantities of wastewater. Pipes, however, were rarely used for 
this purpose.  
  
FIGURE 7.7 (a) Remains of Minoan aqueduct in Tylissos that brings water from the spring of Agios Mamas to 





Larger sewers, sometimes large enough for a man to enter and clean them, were found in 
Minoan palaces at Knossos, Phaistos and Zakros. These large sewers may have inspired the idea of 
the labyrinth; the subterranean structure in the form of a maze that hosted the Minotaur, a mythical 
monster. Some palaces had toilets with flushing systems that were operated by pouring water in a 
conduit [16, 319]. However, the best example of such an installation was found in the Cycladic 
island of Thera (modern Santorini). This is the most refined and well-preserved pattern belonging 
to the late (ca. 1550 BC) Bronze Age settlement of Akrotiri, which shares identical cultural 




FIGURE 7.8 Minoan sewerage and drainage systems: (a) Part of the central system at the palace of Phaistos 
and (b) at the Little Palace of Knossos (photos by of A. N. Angelakis). 
THE MYCENAEAN,  CLASSICAL,  AND HELLENISTIC PERIODS (CA.  1,40067  BC) 
As mentioned above, in about 1450 BC there was an abrupt decline at all the centers of Minoan 
Crete. This was followed by the Mycenaean invasion from mainland Greece to Crete, which perhaps 
contributed to the dispersion of the advanced Minoan hydro-technologies to the rest of the Greece 
[15]. Crete however did not utterly collapse, and approximately 200 years later, according to 
Homer, it participated in the Trojan campaign with a force of 80 ships (Iliad 1, 652); while the navy 
of the city of the Mycenes consisted of 100. This could demonstrate some kind of reconstruction of 
Cretan societies, under the dominance of the Mycenaean kingdoms (ca. 1,400 – 1,100 BC). A second 
invasion at the beginning of the 11th century BC, this time led by the Dorians, ended the Mycenaean 
dominance by the last years of the Bronze Age (ca. 1,100 BC). 
During the succeeding Dorian period aqueducts, cisterns and wells similar to the Minoan and 
Mycenaean originals were constructed. However, the technological progress of that time made the 
construction of more sophisticated structures a feasible task. A period of prosperity (ca. 7th 
century BC) when trade flourished and Cretan colonies reached as far as Sicily (Italy) Marseille 




that during the Classical epoch (ca. 500 – 323 BC) the Cretans were unable to participate in the war 
against the Persian invasion, which united the rest of the Greek cities.  
In the Hellenistic period (ca. 323–67 BC), there was a significant change in the scale of the 
hydro-technologies applied. Larger hydraulic works were constructed at several towns (e.g. 
Eleutherna, Lato, Dreros and Priansos), consistent with the prior Minoan knowledge [82]. These 
included aqueducts, cisterns, wells, water supply systems, baths, toilets, and sewerage and drainage 
systems. Two such examples of Hellenistic cisterns are shown in FIGURE 7.9. However, according to 
Polybius (Histories), this was also a period that Cretan cities contested against each other in 
establishing trade routes with cities at inland Greece, with other Aegean islands or Egypt and 
possibly even further east. This rivalry sometimes led to minor hostilities or war (1stand 2nd Cretan 
wars in 205 and 155 BC). Moreover, many of the residents left the island to enlist as mercenaries to 
other states due to the economic decline, while others became pirates (Diodorus Siculus, 
Bibliotheca historica). 
  
FIGURE 7.9 Hellenistic cisterns: (a) at Eleutherna town (excavated) inside view and (b) central cistern at the 
ancient town of Lato in eastern Crete (photos by A. N. Angelakis).  
THE ROMAN PERIOD (CA.  67  BC330  AD) 
In 67 BC, after a 3-year campaign, the Romans established their hold at the island, incorporating 
Crete into the Roman Empire. According to Titus Livius (AbUrbe Condita) and other historians of 
the Roman period this was a time of peace and prosperity under the dominance of the Roman 
Empire. The Pax Romana and the re-unification of the whole island of Crete under a strong and 
organized government led to the construction of (a) public buildings, often with fine mosaics, 
toilets, sewers, drains, and other hydraulic works at many of the main cities of the island including 
Gortys, Ierapytna (Ierapetra), Aptera, Lyttos, and Lebena and (b) public engineering works and 
even larger scale aqueducts and cisterns, such as Gortys’ aqueduct and cisterns in Aptera [79]. 
The Romans did not add much to the Greek knowledge of infrastructure management; 
however, the invention of concrete (opus caementitium) by Romans enabled the construction of 
longer canals, huge water bridges, and long tunnels in soft rocks at lower costs [96]. Furthermore 
the prior (Minoan and Hellenistic) knowledge in water resources technologies was enhanced by the 




This is the reason behind the ‘mega’ water supply systems built during the Roman domination, 
which in terms of functionality and hygienic standards can be compared to the modern urban water 
systems [248]. During that period, aqueduct, water distribution systems in cities (e. g. water tower 
and pipelines) and water use (e. g. baths and latrines) were significantly improved.  
Roman aqueducts included various components such as channels with an open surface flow 
following the surface of the land, tunnels, water bridges built with arches and inverted siphons. For 
example water supply of Knossos during the Minoan Age was depended on water from the wells 
and water from the spring of Mavrokolybos located 0.7 km apart from the palace; whereas during 
the Roman period it was dependent on the Funtana aqueduct 11 km in length including a tunnel at 
Scalani having a cross-section of 1x2 m2 and length of 1150 m [11]. Another example of the changes 
in scale and functionality is the impressive aqueduct of a total of 22 km length, which was built near 
ancient Lyttos. Its water source was located at the west flank of the present Oropedio Nissimou 
highlands (its summit is 1148 m high), at Kournias, located at an altitude over 600 m. Stone pipes 
have been used to build an inverted siphon in the area of the village Tichos, as was also stated in  
[11].   
Other sites with ancient aqueducts include Axos, Chersonessos, Falassarna, Minoa, Kissamos, 
and Gortys (FIGURE 7.10a), while several cisterns are located all over the island, e.g. in Dictynna, 
Lappa, Rhizenia, Eleutherna, and Elyro [12]. A typical cistern of cylindrical cross–section which lies 
at Minoa (Marathi) in western Crete is presented in FIGURE 7.10b. Also at the town Aptera there are 
two prominent constructions in both styles of architecture and hydraulic engineering; the public 
baths, and the thermae. These works are connected by two nearby cisterns of quite different 
shapes; an L-shaped cistern (3,050 m3) and a rectangular tri-aisle one (2,900 m3). 
  
FIGURE 7.10 (a) Remnants of Roman aqueduct in the ancient city Gortys (b) Roman cistern (of cylindrical 
cross–section) in ancient Minoa (Marathi) in western Crete (photos by A. N. Angelakis). 
THE BYZANTINE PERIOD AND VENETIAN RULE (CA.  3301645  AD) 
From ca. 330 to 824 AD (Proto-byzantine and First Byzantine periods) minimal development 
occurred in Crete was also the case during the next 140 years (824–961 AD), when it was occupied 
by the Arabs—the pirates known as the Saracens. From 961 to 1204 AD (Second Byzantine period) 




water supply for the cities were more or less the same as those during the Arabic occupation, i.e. 
water cisterns and house wells (FIGURE 7.11a,b). In many cases, collecting rainwater from the roofs of 
the houses and other open areas in cisterns and wells was a basic practice [332]. A number of water 
well mouths have been discovered in several rich homes in Iraklion city (FIGURE 7.11c).  
In 1204 AD the Venetians invaded Crete and there was another shift in the hydraulic works 
activity.  Large-scale water projects were again implemented, such as Morozini’s aqueduct, cisterns 
in Rethymnon and Gramvousa, and older water supply networks were reconstructed. The former, 
named after Francesco Morosini, Provveditore Generale (1625) of the city of Candia (Iraklion), was 
part of the Venetian commander’s plan to create an effective water distribution system for the city. 
This plan included the interconnection of several minor water springs together into one big 
aqueduct. The feasibility of this idea was based on two facts: on one hand there was the appropriate 
elevation difference between the Youktas (where the water springs were located) and Iraklion, and 
on the other hand there was an abundance of good quality water springs. For the design and 
construction famous engineers of that era were employed, such as Zorzi Corner, Rafaele Monanni 
and Francesco Basilicata [324], while the expenditures reached 13,000 regals (Angelakis and 
Vavoula, 2012). The overall distance between the two ends of the conduit was approximately 15.5 
km [332] and a few parts of it have been maintained to the present day. 
   
FIGURE 7.11 Byzantine water cisterns and wells: (a) and (b) Cisterns (of rectangular cross–section) on the 
right side of the Byzantine church Agios Nikolaos in the homonymous city and Areti Monastery in the eastern 
Crete, respectively and (c) mouth of water well in the Historical Museum of Iraklion (photos by A. N. 
Angelakis).  
THE OTTOMAN AND THE EGYPTIAN PERIODS (CA.  16461898  AD) 
The Venetian rule was ended by the Ottoman occupation in 1645 AD, which was followed by the 
Egyptian occupation in 1830 and 130 years of intense social unrest with numerous local or 
widespread rebellions [81]. Both the Ottomans and the Egyptians mainly operated the existing 
water infrastructure, which had been developed in earlier times [11]. However, many public 
fountains were constructed due to the direct link between water and the Ottomans’ religious beliefs 
[324]; thus water was available in almost every district of the major cities. Notably, in Iraklion there 
were approximately 70 drinking fountains as Evligia Çelebi, a Turkish traveling writer, describes in 
his books [332]. However, this was hardly enough, as the fountains could not cover the increasing 
water demands of the populations, while houses with running water or cisterns were only a few, 





some of the existing works were maintained or reconstructed. A typical example is the Fountana 
aqueduct, a part of which is shown in FIGURE 7.12b and was still in operation in the middle of the last 
century.  
  
FIGURE 7.12 (a) Ottoman fountain outside of the Mosque in Ierapetra city and (b) remains of Foundana 
aqueduct at Aghia Irini (photos by A. N. Angelakis). 
7.4 Discussion 
The climatic and hydrologic conditions in Crete have been characterized by high variability both 
spatially and temporally through the long history of the island. This had a clear impact to the water 
availability and thus to the human responses to its fluctuations. The development of the water 
technologies, whenever the social conditions allowed it, can be considered as one of these 
responses. Looking back over the long history of human inhabitance of the island, one can clearly 
outline some principles on which past water technologies were based; notably they were the very 
same that are used in many applications today.  
The evolution of water science and engineering at the island of Crete does not appear to be 
continuous though. There were some periods, spanning from a few decades to many centuries, 
when progress halted and only the previous hydraulic works (e.g. the Byzantine Era) were operated 
and maintained or even left to decay (e.g. the Arab occupation). Still, the existing knowledge of 
hydro-technologies was not lost during these intermissions, but was preserved to further evolve 
under more favorable conditions. Naturally, it is difficult to reconstruct the design principles of the 
Minoans based on the available archeological findings, but even the fact that several ancient works 
have operated for very long periods, some until recent times, provides strong evidence that the 
factor of durability was taken very seriously in their design. For example, at the beginning of the 
20th century when the Italian writer Angelo Mosso visited the villa of Hagia Triadha at southern 
Crete he discovered that the sewer system of the villa was fully functional, i.e. stormwater still came 
out from the sewers, 4000 years after their construction [12]. According to Gray Gray [121] Mosso 




“Perhaps we also may be permitted to doubt whether our modern sewerage systems will still be 
functioning after even one thousand years.” 
To our knowledge there is no other case of a sewerage and drainage system functional for more 
than 4,000 years in the human history. Hence, the existence of several Minoan archaeological sites 
could be linked to the durability of the sewerage and drainage systems [13]. The principle of 
durability, and in later periods the support of the technologies and their scientific background by 
written documents, had also a very important role in the transfer of these technologies to modern 
societies despite the regressions that have occurred through the centuries [195].  
The evolution of water technologies can also be viewed in regards to the climatic variability and 
cultural change. Cretan history provides plentiful examples of different social responses to climatic 
shifts, summarized in TABLE 7.2. We can see that the link between society and climate is not 
deterministic, which is also supported by other examples. Such is the case of the communities that 
thrived at the Near East near the end of the Early Bronze Age and experienced a series of severe 
droughts. There is archeological evidence that this coincided with the abandonment of many sites 
in Syria and in Levant, but at the same time there were also sites that continued to exist [250]. This 
pattern emerged again in the same region a thousand years later when an abrupt fall in 
temperature led to the demise of many of the big cities [159]. So what makes some communities 
more resilient to climatic variability than the others?   
Mercury and Sadori [250] provide three approaches: technological, social and religious. The 
first one refers to the development of better irrigation practices and water resource management, 
the second one to a fair food distribution and the construction of large granaries such as the ones 
discovered at the site of Beit Yerah, and the third one to the establishment of temples or other 
religious sites devoted to the gods of fertility in order to re–gain the god’s lost grace. Thus, 
communities which were open to new technologies and/or social institutions were more likely to 
adapt to climatic change, while the more conservative societies failed to achieve that. From a 
Darwinian perspective the former societies have evolutionary advantage over the later. 
This could also be the case of the technological advancements during the Minoan civilization. 
The robust social, political and economic structure (minimal internal conflicts and a powerful 
commercial network) allowed the Cretans to excel in the water resources management during the 
periods of water scarcity (ca. 2100 – 1700 BC) and find innovative methods to deal with it. This 
reduced its vulnerability during the consecutive even drier years between ca. 1700 – 1500 BC, 
known as Neopalatical period, when waterworks peaked. On the other hand, when similar 
conditions prevailed during the Classical years (ca. 500 – 323 BC) or the Byzantine (ca. 330 – 1,204 
AD), when socio-political structures were less strong, there is evidence of societal collapse, war and 




TABLE 7.2 Social development, climatic conditions and water technologies evolution in Crete since 3,200 BC. 





(ca. 3,200 – 2,200 
BC) 
Onset of Minoan 
Civilization. 
Warm and Wet 
First hydraulic water and 
waste water systems (e.g. 
cisterns and sewers). 
Meso-Minoan  
(ca. 2,200-1,700 BC) 
Peak of Minoan Civilization. Cold and dry 
Great innovations in basic 
infrastructure of palaces 
and cities (e.g. sewerage  
and drainage systems). 
Late-Minoan 
(Neopalatial) 
(ca. 1,700-1,450 BC) 
Peak of waterworks Warm and dry 
Great innovations in water 
management (e. g. wells, 
cisterns and dams) 
Late-Minoan and 
Mycenaean 
(ca.  1,450-1,100 BC) 
Demise of Minoan 
Civilization. 
Cold and dry  
As above. Also Minoan 
hydro-technologies 
transferred to inland 
Greece. 
Dorian  
(ca. 1,100 – 500 BC) 
Economic bloom. 
Colonization of Sicily, 
Marseille and Cyrene. 
Cold and wet 
Similar, but more 
sophisticated structures. 
Classical 
(ca. 500 – 323 BC) 
Economic distress. Did not 
participate in the Persian 
Wars. 
Warm and dry Unknown. 
Hellenistic 
(ca.  323 BC –67 AD) 
Struggle between cities. 








(ca.  67 – 330 AD) 
Peace and prosperity. Cold and wet 
Further development of 
much larger scale water 
projects (e.g. aqueducts, 
cisterns, baths and therme). 
Byzantine 
(ca. 330 – 1,204 AD) 
No development. Piracy. Warm and dry Minimal development. 
Venetian 
(1,204 – 1,669 AD) 
Strong trade. Rebellions and 
social unrest. 








(1,669 – 1,898 AD) 
No development. Rebellions. Warm and dry 
Maintained prior water 
constructions (emphasis on 
aqueducts and fountains 
construction). 
The link between water scarcity, as an outcome of reduced precipitation or/and increased 
evaporation, and social degradation has been suggested by a number of earlier studies focused to 
the collapse of the Mayan civilization [1, 51, 80, 83, 114, 135, 249]. This well–studied civilization 
reached its peak during a wet period, while its decline coincided with a long-term reduction in 
precipitation [128, 135]. This was not only a cause for hostilities between Mayan cities, but “also 
may have undermined the institution of Maya rulership when existing ceremonies and technologies 
failed to provide sufficient water” [219]. Interestingly, recent research results show that the 
reduction in annual rainfall was not as high as previously regarded, but only 25 to 40% [249]. 
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Similarly to the Mayan civilization, Tsonis and Swanson [347] argued that a long stretch of drier 
and warmer conditions that commenced around 1,450 BC could be the reason behind the demise 
and eventual disappearance of the Minoan civilization. They presented a synthesis of historical, 
climatic, and geologic evidence which supports the hypothesis that there was abrupt climatic 
change instigated by an intense El Nino. This is also confirmed by the results of the palynological 
studies [24], which suggest the emergence of extended drought periods during the second half of 
the Late Bronze Age. In addition, the change in the architecture of the Minoan houses in the Late 
Minoan Era implies the adaption to more arid, but contrary to [347], colder conditions [255].  
Our findings, suggest that more research is needed in order to clarify if there is any link 
between the climate and the fall of the Minoan civilization. The water management infrastructures 
were designed on a dry climate basis, and as explained above they were comparable to modern 
ones. This is also supported by the increase in the scale of Minoan water-management features 
especially in the eastern Crete [101]. The response to the changing climatic conditions (to a more 
arid regime) observed during the Middle Bronze Age, also shows the importance of water resources 
management during the period before the abrupt climatic event [42].Thus, it is difficult to support 
the El-Nino hypothesis, unless the climatic change was so abrupt and intense that it could provoke 
as an impact a (multi-)decadal crop failure. If this was the case then the short time length and the 
suddenness of the event could also explain the inconsistency between cold [255] and warm [346] 
conditions. However, the technological level of the water works and the adaption that the Minoans 
have developed to the previous periods of dryness makes it rather unlikely that the reason of the 
Minoan collapse could be linked to a single (climatic) cause. 
In the centuries following the fall of the Minoan civilization, a cyclic process seems to emerge. 
The principles of the hydraulic technologies invented in Crete are dispersed to the rest of Greece 
(and during the Roman period, to the rest of the Mediterranean region), where they are enhanced 
by the progress in the techniques of construction and materials and then re-applied to the Cretan 
cities as more sophisticated or bigger-scale versions. During all those years it seems that the 
transition from wet to arid conditions is followed by economic distress (e.g. Classical epoch, 
Byzantine years and Ottoman period). Specifically, the dryness during the first millennium AD, 
resulted again to minimal development, occupation from external forces (the Arabs), piracy and 
social disorder. Thus, it is not surprising that there was not any progress in the implemented water 
technologies; it could be rather viewed as a setback. One possible reason could be that the 
Byzantines regarded Crete a distant border state of their empire and therefore abandoned any 
plans for development, especially in an arid regime; this is a drawback of centralized governance.  
The Venetians though, had a quite different approach. As they recognized the importance of the 
location of Crete in the Mediterranean, for their trade networks between Italy and Middle East, they 
invaded Crete in 1204 AD. Although, they faced enhanced climatic variability, with extensive 
droughts followed by out-of-season rain and severe floods, they managed to occupy the island for 
ca. 450 years and coped both with unfavorable climatic conditions and internal social unrest. The 
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enormous hydraulic works of this period should have played a role in both of them. Finally, the 
succeeding Ottoman conquerors simply operated the existing Venetian and Roman constructs. The 
same pattern emerged again: arid climate, water scarcity, insufficient water management, social 
unrest, rebellions. The Ottomans might have had the military power to occupy Crete, but they 
lacked the water management technologies or the political will to implement them in order to 
maintain their occupation in the island. It is impressive that during the last 1500 years almost no 
innovation in water technologies is observed. 
7.5 Conclusions 
We have seen that the Cretan climate has been highly variable. It has transited between cold and 
warm and between wet and arid conditions several times. These periods lasted from a few decades 
to over centuries.  We can say that social unrest, war and economic shrinkage are more likely to be 
linked to dry phases, and correspondingly to water scarcity. On the contrary, wet climate is mostly 
connected with peace and prosperity, due to agriculture and animal husbandry growth. No pattern 
is evident for temperature; probably because its direct impact to agriculture is lighter compared to 
water availability in the Eastern Mediterranean region.  In addition the following key points can be 
highlighted: 
 The Minoans are the only ones who seem not to follow this pattern. When they faced a dry 
period, 900 years after the onset of their civilization, they managed to cope with it by 
making great innovations in water management, such as the development of cost–effective 
decentralized, highly durable, water management technologies (e. g. rainwater harvesting).  
 This was combined with their prior development of strong and stable social structures, as 
well as the accumulated economic growth. 
 The design philosophy of ancient Cretan hydro-technologies has to be further considered in 
light of its success. Thus, the development of effective water supply management projects, 
in short–water areas should also include historical knowledge.  
 This rich inheritance of the ancient Cretan, particularly Minoan, hydraulic works should not 
be restricted to its cultural value alone, but also, and more importantly, viewed as an 
















8.1 Achievements and Limitations 
Climatic variability affects the majority of human activities. It is directly connected with water 
resources management and crop production; two critical components of social and economic 
development, which can be easily stressed by numerous other factors. The Mediterranean region 
has been vulnerable to hydroclimatic changes many times in the past and therefore the study of the 
range of the climatic variability is important in order to optimize the design of our infrastructures 
and resource networks. In order to be prepared for the future, though, we should properly 
investigate the past. Paleoclimatology now offers high quality representations of the past, which 
can be utilized by the stochastic tools already developed in the hydrological science. This thesis 
made a few small steps towards this direction.  
CAN HK  DYNAMICS BE USED TO MODEL THE CLIMATIC SYSTEM? 
It has been shown that both instrumental and reconstructed time series can be described by the HK 
framework (also known as LTP) in a range of time scales between 1 and 107 years, confirming 
earlier studies [147, 175, 184, 231] and disputing some recent ones [56, 106]. The strength of HK 
dynamics lies to the fact that they can model sufficiently the long-term change, which is observed in 
climate in the form of strong fluctuations, such as MWP, LIA and the prolonged mega-droughts of 
Northern America. The most important implication of HK phenomenon in our perception about the 
climatic system is that it increases the uncertainty regading its future states and hence reduces its 
predictability.  
However, one should be careful when determining H in the reconstructed/proxy records, 
because there are some biases that could both over- and underestimate its value. We have seen that 
aggregation and smoothing lead to higher values, while de-trending and pre-whitening to lower. On 
top of that, sample size has the most significant effect on the estimation of Hurst coefficient and can 
seriously hinder its detection in geophysical records. A significant limitation of the HK model is that 
even though the climatic system appears to be a result of multi-scale fluctuations, very abrupt 
changes that shift the mean significantly are quiet common; this cannot be adequately described by 
the general HK framework and it could be worth of investigating a modified version. 
IS THERE A UNIFORM SCALING LAW FOR EACH CLIMATIC VARIABLE? 
No, at least two different examples affecting H were identified; one for temperature and one for 
precipitation. In the former, it has been showed that the effect of a periodic deterministic 
component, e.g. orbital forcing, reduces H [241]. This is also intuitive, the existence of cycles with 
specific frequencies increases our forecasting ability. On the contrary a deterministic trend, not 
identified as such and falsely attributed to HK behaviour, could lead to underestimation of our 
prediction efficiency. The argument here is that H estimation provides some amount of information, 




In addition, H seems to be spatially incoherent. This can be explained by the fact that HK 
dynamics are an outcome of entropy production extremization [187] and as such it is linked to the 
underlying natural process. Thus, for example the difference of water volume between the northern 
and southern hemisphere could be a reason for the higher values of H at the latter. This is in good 
agreement with earlier studies [175, 276] suggesting a variant scale-dependent scaling law for the 
atmosphere. In any case there is strong evidence that 𝐻 > 0.9 for temperature. 
In precipitation shorter records exhibit weak LPT (𝐻 ≃ 0.6 for time scales up to 10 years), 
while a stronger LPT structure emerges for the decadal/centennial scales (𝐻 ≃ 0.85). The 
combination of instrumental and proxy records showed that H is time-scale dependant and not an 
artifact of proxy variables [242]. It must be noted though, that high-resolution quantitive 
reconstructions for precipitation are still quite limited and hence this type of behaviour is far from 
proven.  
COULD THE RECENT TEMPERATURE INCREASE BE ASSIGNED TO NATURAL VARIABILITY? 
Natural variability would be sufficiently defined only when the uncertainty regarding the past 
temperature changes is minimized. For example, in Section 3.2, we have seen that the term 
“unprecedented climate change” is strongly related to the reconstruction record used. Almost half of 
the reconstructions examined here showed that temperature has changed more or equally than 
today during the last two thousand years in time scales of 1 to 50 years. In addition, stochastic 
simulation suggests that the current increase lies within the 75% quantile of the maximum absolute 
difference and hence it could be even higher. 
Two significant issues arise from these results. Firstly, that even if there is a correlation 
between temperature and CO2, then it would be extremely difficult to determine or prove it 
statistically. Secondly, if the anthropogenic warming hypothesis holds true, there is still no 
indication that temperature increased irregularly or faster than what occurred in the past. It must 
be emphasized though, that both of these statements are valid on the assumption of an HK-oriented 
climate. To be more certain about this we need even more precise and prolonged paleoclimatic 
reconstructions.  
IS THE RAINFALL DECREASE OVER GREECE S IGNIFICANT? 
The answer in this question follows the spirit of the previous one; statistical significance is related 
to the statistical framework employed. We have seen that the most widely used statistical tests, e.g. 
Mann-Kendall test, are based on the independency assumption. As this is not very discriminant to 
the climatological community, it is commnonly misused in time series exhibiting strong ACF 
structure or HK behaviour and this can be misleading. Monte Carlo simulation, instead, can 
reproduce all the statistical properties of the investigated  time series and provide a more accurate 
quantification of significance. Its application for rainfall in Greece showed that the majority of the 
slopes were not statistically significant. The addition of 15 more years, in comparison with earlier 
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studies, also played an important role on this, but at the same time also implies that record size 
could be still short to sufficient estimate significance, especially in conjunction with the findings of 
Section 4.2 (the sample size effect on rainfall records).  
IS CLIMATE L INKED TO THE DEMISE OF THE M INOAN C IV ILIZATION? 
The results suggest that more research is needed in order to clarify if there is any link between the 
climate and the fall of the Minoan civilization. The Minoans had successfully coped with dry climate 
for 900 years after the onset of their civilization and hence their water management infrastructures 
were designed on a dry climate basis, being comparable to modern ones. Thus, it is difficult to 
support a climatic cause, unless there was an abrupt and intense drop in rainfall that it could 
provoke a (multi-)decadal crop failure. This does not mean that climatic variability does not 
influence societal change in a more indirect manner; for example, cold and dry conditions could 
amplify social unrest or slow down economic development. However, it is quite clear that well-
organised societies are usually sufficiently prepared and thus more resilient to climatic variability. 
8.2 Perspectives 
This final section provides some insight for future directions in the investigation of hydroclimatic 
variability. 
APPLICATIONS OF HK  DYNAMICS  
Till now the LTP framework has been used in numerous hydrological applications. However, these 
are restricted mainly in the stochastic modelling of river flow. The presence of HK behaviour in 
hydroclimatic variables, such as temperature and precipitation, could widen the implementation 
area to other scientific fields and engineering application. The implications on resource 
management, involving engineering works, renewable energy systems and agriculture, should be 
considered and further investigated. A lot can be done in quantification of the results of enhanced 
climatic variability in terms of energy power, crop production or financial growth; stochastic 
simulation offers some of the methodologies needed to work on this.  
PROXIES AND RECONSTRUCTIONS  
Through this thesis the reference to the need of even more accurate, longer reconstructions became 
a recurrent issue. Even though many important steps have been taken during the last decade, many 
more issues remain open including the absence of high-resolution temperature reconstructions for 
the Holocene at global/hemispheric scale, for the southern hemisphere, for the previous interglacial 
as well as any type of rainfall reconstructions. In addition it needs to be clarified which are the non-
climatic processes that might introduce scaling behaviour in proxy data and to which extent. A 
better representation of the uncertainty could be also feasible, based on the stochastic framework 
presented here implemented in recent pseudo-proxy studies. To this end an intriguing theme for 
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future research would be to quantify the reconstruction of climate over Crete and Greece in general 
during the Holocene, which could help us create more accurate stochastic representations of reality. 
THE W INTER IS COMING (?) 
Could the onset of the next glacial epoch could be sufficiently predicted? Most researchers agree 
that probably not. However, this does not mean that a probabilistic prediction is out of question. 
HK dynamics could be applied in the modelling of the glacial cycles to describe the internal climatic 
variability. In addition, it could be used to validate the existing deterministic glacial models; if they 
do not reproduce HK behaviour they could probably be over-fitted. This is an excellent example 























Appendix A. Glossary 
ACF Auto-Correlation Function 
AR Auto-Regressive  
ARIMA Autoregressive Integrated Moving Average 
ARMA Autoregressive Moving Average 
BP Before Present 
DIMI Dynamical Indian Monsoon Index 
EA East Atlantic (oscillation) 
ENSO El-Nino Southern Oscillation 
fARIMA fractional ARIMA 
fGn fractional Gaussian noise 
GCM General Circulation Model 
HK Hurst-Kolmogorov 
IID Independent and Identically Distributed (random variables) 
IPCC Intergovernmental Panel on Climate Change 
LIA Little Ice Age 
LSSD-H  Least Squares Standard Deviation estimation of H 
LSV-H Least Squares Variance estimation of H 
LTP Long-Term Persistence 
ML-H  Maximum Likelihood estimation of H 
MOI Mediterranean Oscillation Index 
MPT Mid-Pleistocene Transition  
MTSF Multiple Time Scale Fluctuation  
MWP Medievial Warm Period 
NAO North Atlantic Oscillation  
PEu Polar-Eurasian (index) 
RCS Regional Curve Standardization 
SCAND Scandinavian (pattern) 
SHI Siberian High Index 
STD STandard De-trending (method for tree-ring reconstructions) 
STP Short-Term Persistence 
WAMI West Africa Monsoon Index 
WN White Noise 
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Appendix D. Methodological concepts for paleoclimatic data  
The optimal scale of a proxy record with uneven sample spacing behaviour for stochastic analysis 
will be the one that maximizes sample size, length and resolution. The first step taken to achieve 
this is to examine the sample spacing behaviour of the time series. First of all, we can estimate the 
sample size for each different scale, when all time increments are below the scale value and 
compare it to the sample size if the last emergence for the given time increment is observed (FIGURE 
D.1a). For example in the case of the GRIP ice-core, we can extract a sample of 600 (orange bar) 
values for consecutive 20-year time increments that reaches almost 10 000 years (yellow square-
pointed line) back by aggregating to a 20-year scale. The last time point when a 20-year increment 
is found in the GRIP data set is close to 30 000 years ago (light green circle-pointed line), which 
yields a sample size above 1 500 values (green bar). 
To determine if extending our aggregated time series above the 10 000 year point, we should 
explore the behaviour of the increments in the 10 and 30 thousand-year period (FIGURE D.1b). The 
number of values above 20 years are a bit less than the half (light red square-pointed line) and the 
maximum increment observed is thrice the 20-year scale (60 years; dark red circle-pointed line). 
We can also observe this is the highest ratio observed to scales till 100 years, so this is a strong 
indication not to aggregate the GRIP record till 30 thousand years. In addition, by estimating the 
mean of the increments above 20 years during this period we see that they are 1.5 times higher 
than the 20-year scale (orange bar). The final test applied to the data involves the estimation of the 
mean of the above-20-years increments till the maximum increment point (60 years). Interestingly, 
the ratio falls to 1.1 which means that we can probably safely aggregate the time series till the 
maximum increment point. This point is at 22 000 years (not shown here), and actually doubles the 
record length.  
 
FIGURE D.1 Illustration of the uneven sample spacing behaviour for GRIP ice core.  
Is there a way to further extend the record? To address this query, we have to investigate the 




the introduction of missing values in certain aggregation intervals (FIGURE D.2a; 4th interval), which 
can be remedied by a missing-value infilling methodology such as linear interpolation (FIGURE D.2b). 
However, infilling techniques also introduce bias to the estimation of statistical/stochastic 
properties of the processed sample such as the variance, the ACF and the H coefficient. Another 
approach could be to consider each value as the mean of the corresponding time interval (FIGURE 
D.2c). Intervals without any values are left blank, while in the case of two or more values per 
interval the mean/sum may be estimated; thus we shall call this method as regularized aggregation 
of the sample. This approach is closer to the natural meaning of paleoclimatic time series in two 
manners; the proxy variables are connected to a mean value of the climatic property for a certain 





FIGURE D.2 Uneven sample spacing (a) in terms of linear interpolation (b) and regularized aggregation to the 
mean (c). 
To examine the effect of missing values to the estimation of H, which might occur by 
implementing the regularized aggregation approach, we performed a double Monte Carlo 
experiment. We determined the change in H for an increasing missing-value ratio when missing 
values followed a constant pattern (e.g. one every n values), and also for an increasing missing-
value ratio with a random component (uniform distribution over sample size). In both scenarios 
the bias in H estimation is quite low reaching a maximum close to 0.05 for the first case (FIGURE 
D.3a), and retaining even lower values for the second (FIGURE D.3b). The latter implies that larger 







FIGURE D.3 Bias in H due to introduction of missing values for (a) missing values following a specific pattern 
(shades of orange depict a missing value in 2,3,5 and 10 values) and (b) missing values following a random 
distribution (shades of orange depict percentage of missing values to total sample size). The simulation 
involved 1 000 iterations of 1 000 long sample sizes. 
The reason behind these counter-intuitive results stands on the fact that HK behaviour affects 
all scales equally and as we move to larger scales the missing values disappear. For example, a time 
series with a gap for every other value, while have the same statistical properties for its first two 
scales (strongest possible bias), but when it is aggregated to scale 2 then there will not be a single 
missing value (FIGURE D.4a). In the case of uneven sampling, larger gaps might exist and thus the bias 
may affect more scales, but it is weaker (FIGURE D.4b).   
A direct implication of the above results is the extension of any record to the point where 
missing values are below a certain threshold. If we choose the threshold of 33% of missing values 
then in the case of GRIP ice-core the record lengths for each scale change dramatically. Following 
our previous example for the 20-year increment, we can see that the record length may be extended 
to 70 000 years, when aggregated to the 20-year scale and keep the 2/3 of its values. We can see 
that the initial sample size of the aggregated record has risen significantly from 600 (no missing 
values) to 3 500. Using the matrix presented in TABLE D.1 we can identify the scale values that 
maximize sample size for each record length (marked with yellow colour at TABLE D.1); i.e. maximum 
sample size for 1 to 5 thousand years is obtained if the original time series is aggregated to 2-year 
scale, for 5 to 10 thousand years to 3-year scale, for 10 to 20 thousand years for 5-year scale, etc. 
If we incorporate the above algorithm in the determination of H using the LSV-H method, then 
we can maximize the record length/resolution efficiency. To achieve this we estimate separately H 
for each scale indicated by TABLE D.1 and compare the results (FIGURE E.5). We shall call this approach 
as Enhanced Sample Size Method (ESSM). The effect of record length to H is evident, as the 
coefficient value rises correspondingly to it. However, the non-acceptable value of 1.01 is observed 
for the 20-thousand year record due to the steep rise of temperature during the interglacial. This 
discrepancy can be seen also in the climacogram; the cloud of points of the higher scales and it 
fades away for the larger records. Another important remark is the tendency of H to slightly fall for 





FIGURE D.4 Climacograms of time series with H = 0.8 and 50% missing values of a sample size equal to 1 000: 
(a) a missing value for every other value (H = 0.74) and (b) random sampling (uniform distribution) of 
missing values (H = 0.76). 
TABLE D.1   Number of missing values for specific record lengths (column labels; in thousand years) for each 
aggregation scale (row labels). In red colour are presented the missing values above threshold (0.33) and in 
yellow maximum record length per scale which maximizes sample size. 
 
1 2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 80 90 100 150 200 
1 - - - - - - - - - - - - - - - - - - - - - 
2 0.16 0.22 0.26 0.29 0.32 0.35 0.38 0.41 0.43 0.46 0.66 0.75 0.80 0.83 0.85 0.87 0.88 0.89 0.90 0.93 0.95 
3 - - - 0.02 0.05 0.09 0.12 0.15 0.19 0.22 0.50 0.63 0.70 0.75 0.78 0.81 0.83 0.84 0.86 0.90 0.92 
4 - - - - - 0.00 0.02 0.04 0.06 0.09 0.40 0.55 0.64 0.69 0.73 0.76 0.79 0.80 0.82 0.87 0.90 
5 - - - - - - - - 0.01 0.02 0.33 0.50 0.59 0.64 0.69 0.72 0.75 0.77 0.79 0.85 0.89 
6 - - - - - - - - - 0.01 0.28 0.45 0.55 0.61 0.65 0.69 0.72 0.75 0.77 0.83 0.87 
7 - - - - - - - - - - 0.24 0.42 0.51 0.58 0.62 0.67 0.70 0.72 0.75 0.82 0.86 
8 - - - - - - - - - - 0.21 0.38 0.48 0.55 0.60 0.64 0.67 0.70 0.72 0.80 0.85 
9 - - - - - - - - - - 0.14 0.33 0.43 0.50 0.56 0.60 0.64 0.67 0.70 0.78 0.83 
10 - - - - - - - - - - 0.13 0.31 0.41 0.48 0.53 0.58 0.62 0.65 0.68 0.77 0.82 
20 - - - - - - - - - - - - 0.10 0.18 0.25 0.33 0.38 0.42 0.47 0.61 0.69 
30 - - - - - - - - - - - - - 0.04 0.10 0.18 0.24 0.29 0.33 0.50 0.61 
40 - - - - - - - - - - - - - - 0.02 0.10 0.15 0.19 0.24 0.42 0.54 
50 - - - - - - - - - - - - - - - 0.01 0.05 0.10 0.15 0.34 0.47 
60 - - - - - - - - - - - - - - - - 0.02 0.06 0.10 0.29 0.43 
70 - - - - - - - - - - - - - - - - - 0.02 0.06 0.24 0.39 
80 - - - - - - - - - - - - - - - - - 0.02 0.05 0.21 0.37 
90 - - - - - - - - - - - - - - - - - 0.01 0.03 0.18 0.34 
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FIGURE E.5 Time series (years BP; inverted axis) and climacograms of the GRIP data set for different time 
resolutions (R) and record lengths (L; in thousand years), which maximizes sample size (S) for H estimation 
(H). In this example the examined variable is the δ18Ο proxy for temperature. 
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Appendix E. Supplementary Figures and Tables 
CHAPTER 2 
 
FIGURE E.6 (a) Upper and (b) lower 95% confidence intervals for FIGURE 2.12a. Figures (c) and (d) 








TABLE E.2  Temperature records at the Mediterranean region. 
STATION START END LENGTH SIZE MISSING 
Oran 1852 2015 164 1605 18% 
Dar.El.Beida 1878 2015 138 1558 6% 
Annaba 1963 2015 53 590 7% 
Carthag 1887 2015 129 1421 8% 
Gabes 1949 2012 64 722 6% 
Benina 1945 2013 69 680 18% 
Tripoli 1892 2013 122 1257 14% 
Cairo 1869 1922 54 638 2% 
Port.Said 1890 1990 101 1175 3% 
Alexandria 1945 2014 70 576 21% 
El.Kom.Nadura 1870 1957 88 1050 1% 
Mersa.Matruh 1949 2014 66 737 7% 
Toulouse.1 1839 1900 62 744 0% 
Toulouse.2 1949 2015 67 798 1% 
Nimes 1951 2000 50 600 0% 
Marseille 1838 2015 178 2016 6% 
Ajaccio 1951 2015 65 773 1% 
Zagreb 1862 2015 154 1840 0% 
Hvar 1859 1918 60 699 3% 
Limassol 1887 1938 52 621 0% 
Nicosia 1887 1980 94 1108 2% 
Milano 1763 1985 223 2568 4% 
Torino 1753 1890 138 1652 0% 
Jerusalem 1861 2000 140 1642 2% 
Lod 1951 2015 65 757 3% 
Heraklion 1949 2015 67 788 2% 
Methoni 1951 2012 62 612 18% 
Athens 1858 2015 158 1874 1% 
Limnos 1951 2000 50 600 0% 
Larissa 1899 2015 117 1399 0% 
Kerkyra 1949 2015 67 792 1% 
Thessaloniki 1892 2015 124 1482 0% 
Cagliari 1949 2000 52 615 1% 
Sassari 1883 1930 48 570 1% 
Catania 1892 1987 96 1027 11% 
Trapani 1961 2015 55 642 3% 
Messina 1959 2015 57 654 4% 
Palermo 1791 1857 67 767 5% 
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STATION START END LENGTH SIZE MISSING 
Brindisi 1951 2000 50 595 1% 
Napoli 1866 1925 60 720 0% 
Foggia 1879 1980 102 1068 13% 
Rome 1811 1989 179 2012 6% 
Pisa 1949 2015 67 771 4% 
Luqa 1858 2015 158 1844 3% 
Valencia 1900 2015 116 1317 5% 
Castellon.Almazora 1937 2015 79 872 8% 
Alicante 1900 2015 116 1275 8% 
Mahon 1942 2015 74 870 2% 
Palma.De.Mall 1866 2015 150 1753 3% 
Damascus 1951 2012 62 714 4% 
Lattakia 1952 2012 61 707 3% 
Istanbul 1839 2013 175 1794 15% 
Edirne 1929 2015 87 1036 1% 
Canakkale 1949 2015 67 796 1% 
Izmir 1929 1990 62 738 1% 
Usak 1961 2015 55 621 6% 
Bursa 1949 2015 67 797 1% 
Konya 1949 2015 67 758 6% 
Isparta 1949 2015 67 796 1% 





TABLE E.3  Precipitation records at the Mediterranean region. 
STATION START END LENGTH SIZE MISSING 
Agedabia 1948 1987 40 36 10% 
Aghialos 1956 2003 48 48 0% 
Ain Draham 1889 1995 107 89 17% 
Albacete Los Llanos 1940 2010 71 69 3% 
Alger Dar El Beida 1940 2010 71 70 1% 
Algiers 1838 1992 155 128 17% 
Alicante 1938 2008 71 71 0% 
Almeria 1934 1979 46 42 9% 
Amiandos 1916 2008 93 91 2% 
Amman 1923 1995 73 66 10% 
Antalya 1929 2006 78 44 44% 
Argostoli 1958 1999 42 42 0% 
Barcelona 1920 2009 90 82 9% 
Beer Sheva 1957 2003 47 43 9% 
Beirut 1888 1998 111 91 18% 
Bjelasnica 1895 2010 116 67 42% 
Bologna 1813 2006 194 194 0% 
Brindisi 1951 2010 60 57 5% 
Cagliari 1951 2010 60 60 0% 
Cairo 1909 1985 77 75 3% 
Capo Bellavista 1951 2010 60 59 2% 
Carthage 1895 2008 114 88 23% 
Catania 1892 1984 93 61 34% 
Cerignola 1951 1995 45 45 0% 
Ceuta Montehacho 1940 1984 45 43 4% 
Chania Gr 1958 1999 42 42 0% 
Chrisoupoli 1950 1996 47 43 9% 
Constantine 1841 2009 169 133 21% 
Cordoba Aeropuerto 1959 2010 52 51 2% 
Corfu 1955 2000 46 46 0% 
Damietta 1931 1986 56 48 14% 
Djerba 1895 1988 94 84 11% 
Ferrara 1879 2002 124 109 12% 
Foggia 1879 1986 108 87 19% 
Gabes 1901 2009 109 83 24% 
Genoa 1833 2007 175 175 0% 
Gharian 1928 1987 60 42 30% 
Giannitsa 1954 1994 41 40 2% 
Girona Antic Institut 1922 1976 55 40 27% 
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STATION START END LENGTH SIZE MISSING 
Gospic 1872 2007 136 130 4% 
Granada 1939 2009 71 71 0% 
Grevenitio 1950 2006 57 56 2% 
Har Kenaan 1939 2010 72 71 1% 
Hellinikon 1955 2010 56 54 4% 
Heraklion 1955 2010 56 54 4% 
Homs 1914 1985 72 48 33% 
Huesca 1951 2009 59 56 5% 
Hvar 1858 2007 150 145 3% 
Ibiza Escodola 1952 2009 58 58 0% 
Iskrba 1961 2010 50 46 8% 
Jaen Instituto 1922 1981 60 37 38% 
Jendouba 1901 2008 108 95 12% 
Jerusalem Old City 1948 2003 56 56 0% 
Kom El Nadura 1868 1986 119 111 7% 
Kredarica 1955 2010 56 56 0% 
Ksara Obsy 1921 1989 69 69 0% 
Larissa 1955 2000 46 44 4% 
Larnaca 1916 2008 93 93 0% 
Lastovo 1948 2007 60 58 3% 
Latina 1951 2003 53 50 6% 
Le Massegros 1948 2003 56 54 4% 
Lidoriki 1950 1996 47 44 6% 
Limassol 1916 2008 93 91 2% 
Ljubljana Bezigrad 1900 2010 111 111 0% 
Malaga Aeropuerto 1942 2010 69 69 0% 
Mantova 1840 2007 168 157 7% 
Marignane Aeroport Marseille 1921 2010 90 83 8% 
Marseille Obs. Palais Lonchamp 1881 2003 123 121 2% 
Medenine 1904 1995 92 76 17% 
Menorca Mao 1965 2009 45 42 7% 
Messina 1951 1994 44 42 5% 
Methoni Gr 1956 2010 55 50 9% 
Mikroklisoura 1950 1995 46 42 9% 
Milan It 1858 2007 150 150 0% 
Misurata 1925 2009 85 60 29% 
Mizda 1926 1983 58 36 38% 
Mont Aigoual 1896 2010 115 110 4% 
Monte Cimone  1951 2010 60 60 0% 
Monte S. Angelo 1952 2005 54 52 4% 
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STATION START END LENGTH SIZE MISSING 
Monterosso 1951 1997 47 45 4% 
Mrzla Rupa Si 1961 2010 50 48 4% 
Murcia Alcantarilla 1940 2009 70 70 0% 
Murcia San Javier 1944 2009 66 66 0% 
Napoli 1866 1991 126 70 44% 
Nestani 1953 1995 43 43 0% 
Nicosia Cy 1916 2008 93 93 0% 
Nimes Fr 1921 2003 83 74 11% 
Nova Vas Na Blokah 1961 2010 50 50 0% 
Oran 1841 2009 169 139 18% 
Orleans Ville 1879 1999 121 59 51% 
Ouzda 1931 1999 69 53 23% 
Paganella 1951 2005 55 55 0% 
Palermo 1797 2011 215 168 22% 
Pamiers 1960 2003 44 41 7% 
Perpignan 1901 2010 110 107 3% 
Pesaro 1871 2007 137 135 1% 
Platania 1950 1995 46 38 17% 
Polis Cy 1916 2008 93 87 6% 
Port Said 1888 1986 99 87 12% 
Postojna Si 1962 2010 49 49 0% 
Prilep Mk 1949 2003 55 49 11% 
Reus Base Aerea 1945 2009 65 62 5% 
Rijeka Hr 1948 2007 60 58 3% 
Roma Ciampino 1951 2007 57 56 2% 
Sahat 1946 1983 38 36 5% 
Sapes 1955 1995 41 37 10% 
Sarajevo 1901 2003 103 103 0% 
Sete Fr 1951 2003 53 53 0% 
Shkodra 1951 1999 49 48 2% 
Siatista 1950 1996 47 45 4% 
Sidi Kacem 1915 1980 66 54 18% 
Sirte 1925 1984 60 46 23% 
Souk Larbat 1920 1973 54 45 17% 
Split Marjan 1948 2007 60 58 3% 
Subiaco 1951 2003 53 53 0% 
Tangiers 1880 1999 120 79 34% 
Tarifa 1951 2008 58 57 2% 
Tel Aviv Reading 1939 1997 59 59 0% 
Tetouan 1918 1999 82 50 39% 
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STATION START END LENGTH SIZE MISSING 
Tobruq 1914 1980 67 53 21% 
Torrevieja 1927 2008 82 82 0% 
Tortosa Observatorio Del Ebr 1911 2010 100 97 3% 
Trapani 1951 1997 47 45 4% 
Tripoli 1879 1989 111 97 13% 
Valencia 1938 2008 71 71 0% 
Verona Villafranca 1951 2010 60 60 0% 
Vigna Di Valle 1954 2005 52 51 2% 
Zagreb Gric 1861 2007 147 147 0% 




FIGURE E.7 Comparison between a. Loehle [215] and b. Mann et al. [233] reconstructions. In the first, mean 










FIGURE E.8 Climacograms of the reconstructions of TABLE 3.4 by the LSV-H method (same order as in 







FIGURE E.9  Empirical distributions of monthly slopes (a. and b.) and Hurst coefficient estimates (c. and d.) for 
1900 – 1960 (a. and c.) and 1955 – 2015 (b. and d.).  
 
FIGURE E.10 A synthetic “hockey-stick” created by the MTSF algorithm with H = 0.96,  σ = 0.3. 
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TABLE E.4  Millennial temperature reconstructions. 
Name     Lon     Lat Type Resolution Season Researcher(s) Year 
Agassiz -73.1 80.7 Ice-core Decadal Annual Vinther et al. 2008 
Alaska -145 60 
Tree-ring 
density 
Annual Summer D'Arrigo et al. 2006 
Alps 7.5 45 
Tree-ring 
density 
























Decadal Spring Cronin et al. 2003 
China 
historic 
112 32.5 Documentary Decadal Annual Yang et al. 2002 
China stack 105 35 Multi-proxy Decadal Annual Yang et al. 2002 
Crete -37.32 71.12 Ice-core Annual Annual Clausen et al. 1988 
Devon Ice 
Cap 
-82.5 75.33 Ice-core Decadal Annual Fisher et al. 1983 
Donard Lake -61.35 66.66 
Varved 
sediments 
Annual Summer Moore et al. 2001 
Dulan 98 36 
Tree-ring 
width 
Decadal Annual Zhang et al. 2003 
Dye-3 -43.49 65.11 Ice-core Decadal Annual Andersen et al. 2006 
GISP2 -38.5 72.6 Ice-core Decadal Annual Kobashi et al. 2010 
GRIP -37.38 72.35 Ice-core 
Annual to 
decadal 
Annual Johnsen et al. 2001 
Hallet Lake -146.2 61.5 
Lake 
sediments 
Decadal Summer McKay et al. 2008 









Hesheng 110 30 Speleothem 
Annual to 
decadal 
Annual Hu et al. 2008 
Iceberg Lake -142.95 60.78 
Varved 
sediments 
Annual Summer Loso 2009 








Karakorum 76 35 
Tree-ring 
width 
Annual Annual Esper et al. 2002 
Lake of the 
Clouds 
-71.25 44.25 Pollen Decadal Summer Gajewski 1988 
Mongolia 98.93 48.3 
Tree-ring 
density 






Decadal Summer Ran et al. 2011 
Polar Urals 65.75 66.83 
Tree-ring 
density 
Annual Summer Esper et al. 2002 
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Name     Lon     Lat Type Resolution Season Researcher(s) Year 

















ShiHua Cave 116.23 39.54 Speleothem Annual Summer Tan et al. 2003 
Sugan Lake 93.9 38.85 
Lake 
sediments 
Decadal Winter Qiang et al. 2005 







Tien Shen 72 40 
Tree-ring 
width 
Annual Summer Esper et al. 2003 
Tornetrask 19.43 68.13 
Tree-ring 
density 
Annual Summer Grudd 2008 
Yamal 69.17 66.92 
Tree-ring 
width 












Season Researcher(s) Year 
GeoB5844-2 UK’37 27.7 34.7 300 
Annual 
Summer 
Arz et al. 2003 
ODP-1019D UK’37 41.7 -124.9 140 Annual Barron et al. 2003 
SO136-GC11 UK’37 -43.5 167.9 290 Annual Barrows et al. 2007 




ME005A-43JC Mg/Ca 7.9 -83.6 200 Annual Benway et al. 2006 
MD95-2043 UK’37 36.1 -2.6 110 Annual Cacho et al. 2001 
M39-008 UK’37 39.4 -7.1 140 Annual Cacho et al. 2001 
MD95-2011 UK’37 67 7.6 60 Summer Calvo et al. 2002 
ODP 984 Mg/Ca 61.4 -24.1 110 Winter Came et al. 2007 
GeoB 7702-3 TEX86 31.7 34.1 210 Summer Castañeda et al. 2010 
Moose Lake Chironomid 61.4 -143.6 50 Summer Clegg et al. 2010 








Radiolaria 67 7.6 90 Summer Dolven et al. 2002 
IOW225517 UK’37 57.7 7.1 120 
Spring to 
Winter 
Emeis et al. 2003 
IOW225514 UK’37 57.8 8.7 70 
Spring to 
Winter 
Emeis et al. 2003 
M25/4-KL11 UK’37 36.7 17.7 260 
Spring to 
Winter 
Emeis et al. 2003 
ODP 1084B Mg/Ca -25.5 13 90 Winter Farmer et al. 2005 
AD91-17 UK’37 40.9 18.6 190 Annual Giunta et al. 2001 
74KL UK’37 14.3 57.3 300 Annual Huguet et al. 2006 
74KL TEX86 14.3 57.3 300 Annual Huguet et al. 2006 
NIOP-905 UK’37 10.6 51.9 180 Annual Huguet et al. 2006 
NIOP-905 TEX86 10.6 51.9 180 Annual Huguet et al. 2006 
MD01-2421 
KR02-06 St.A 
KR02-06 MC  
UK’37 36 141.8 60 Annual Isono et al. 2009 
GeoB 3910 UK’37 -4.2 -36.3 400 Annual Jaeschke et al. 2007 
Dome C Ice Core D -75.1 123.4 20 Annual Jouzel et al. 2007 








18287-3 UK’37 5.7 110.7 260 Annual Kienast et al. 2001 
GeoB 1023-5 UK’37 -17.2 11 180 Annual Kim et al. 2002 
GeoB 5901-2 UK’37 36.4 -7.1 120 Annual Kim et al. 2004 










Season Researcher(s) Year 
Hanging Lake Chironomid 68.4 -138.4 150 Summer Kurek et al. 2009 
GeoB 3313-1 UK’37 -41 -74.3 90 Annual Lamy et al. 2002 
Lake 850 Chironomid 68.4 19.2 80 Summer Larocque et al. 2004 
Lake Nujulla Chironomid 68.4 18.7 190 Summer Larocque et al. 2004 
PL07-39PC Mg/Ca 10.7 -65 180 Annual Lea et al. 2003 
MD02-2529 UK’37 8.2 -84.1 290 Summer Leduc et al. 2007 
MD98-2165 Mg/Ca -9.7 118.3 220 Annual Levi et al. 2007 
MD79-257 Foram MAT -20.4 36.3 300 
Winter 
Summer 
Levi et al. 2008 
BJ8 13GGC Mg/Ca -7.4 115.2 40 Annual Linsley et al. 2010 
BJ8 70GGC Mg/Ca -3.6 119.4 130 Annual Linsley et al. 2011 
MD95-2015 UK’37 58.8 -26 80 Annual Marchal et al. 2002 
Homestead 
Scarp 
Pollen MAT -52.5 169.1 70 Summer McGlone et al. 2010 
Mount Honey Pollen MAT -52.5 169.1 110 Summer McGlone et al. 2011 




-50 6 40 Annual Nielsen et al. 2004 








17940 UK’37 20.1 117.4 120 Annual Pelejero et al. 1999 
Vostok, 
Antarctica 
Ice Core D -78.5 108 40 Annual Petit et al. 1999 
D13822 UK’37 38.6 -9.5 70 Summer Rodriguez et al. 2009 




OCE326-GGC26 UK’37 43 -55 110 Annual Sachs 2007 
OCE326-GGC30 UK’37 44 -63 80 Annual Sachs 2007 
CH07-98-
GGC19 
UK’37 36.9 -74.6 60 Annual Sachs 2007 
GIK23258-2 Foram 75 14 40 
Winter 
Summer 
Sarnthein et al. 2003 
GeoB 6518-1 UK’37 -5.6 11.2 180 Annual Schefuß et al. 2005 




TABLE E.6  Rainfall reconstructions properties. Area presents the area covered by the reconstruction in 
thousand km2; Start and End refer to years, in absolute chronology for tree rings and years before present 
(1950) for the other two data sets; and Res refers to time resolution in years. 
Site Location Lat Lon Area Start End Size Res Reference 
Tree-rings 
CL02 

























Malevich et al. 
2013 





24.6 1386 1993 607 1 
Cleaveland et 
al. 2003 
EA13 East Anglia; UK 
52°-
53°N 
0°-2°E 24.6 900 2009 1109 1 
Cooper et al. 
2013 





12.3 1409 1998 589 1 
George et al. 
2002 





86.2 1651 1995 344 1 





23°N 110°W - 1571 1977 406 1 Díaz et al. 2001 





73.9 1293 2014 721 1 
Griffin et al. 
2014 





308 1667 1992 325 1 Díaz et al. 2002 





49.3 1349 2008 659 1 









554.4 1089 1989 900 1 
Griggs et al. 
2007 
RG97 






184.8 622 1994 1372 1 
Grission-Mayer 








73.9 950 2009 1059 1 
Wilson et al. 
2012 





73.9 -1500 2011 3511 1 













12.3 570 1987 1417 1 
Salzer et al. 
2005 





1602 -398 2008 2406 1 
Büntgen et al. 
2011 
SJ99 South Jordan 30°N 36°E - 1600 1995 395 1 
Touchan et al. 
1999 





24.6 1635 2000 365 1 
Akkemik et al. 
2005 
Tu01 Turkey Unavailable 1628 1980 305 1 




Site Location Lat Lon Area Start End Size Res Reference 





<0.1 1689 1994 305 1 









<0.1 1530 2008 478 1 









1100 1400 2000 600 1 








38°N 80°W - 67 6937 230 30 
Springer et al. 
2008 
T7 
Cold Air Cave; 
South Africa 
24°S 29°E - -36 6404 645 10 
Holmgren et al. 
1999 
T8 
Cold Air Cave; 
South Africa 
24°S 29°E - -41 7925 1139 7 




Cold Water Cave; 
Iowa; USA 
43°N 92°W - 10 7760 156 50 




Cold Water Cave; 
Iowa; USA 
43°N 92°W - 2017 7857 147 40 
Denniston et al. 
1999 
D4 Dongge Cave; China 25°N 108°E - 14 7874 263 30 
Yuan et al. 
2004 
DA Dongge Cave; China 25°N 108°E - -47 7936 2662 3 





30°N 110°E - -42 7928 398 20 Hu et al. 2008 
LR06-
B1 
Liang Luar Cave; 
Indonesia 
9°S 120°E - -45 6444 928 7 




Liang Luar Cave; 
Indonesia 
9°S 120°E - 11 7861 158 50 





29°N 110°E - -50 6586 1107 6 
Cosford et al. 
2009 
NZ-1 
South Island; New 
Zealand 
42°S 172°E - 568 7768 121 60 
Williams et al. 
2010 
PP-1 
Pink Panther Cave; 
New Mexico; USA 
32°N 105°W - 5 7905 396 20 





41°N 32°E - -52 7936 1998 4 
Fleitmann et al. 
2009 
SCC-1 Soreq Cave; Israel 31°N 35°E - 70 7910 113 70 
Bar-Matthews 
et al. 2003 
NC-A 
Cueva del Tigre 
Perdido; Peru 
6°S 77°W - 44 4284 213 20 
van Breukelen 





70°N 20°E - 0 8000 80 100 
Bakke et al.  et 
al. 2005 





4436 0 25000 250 100 Viau et al. 2008 
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9857 0 11900 119 100 Viau et al. 2009 





3696 0 11900 119 100 Viau et al. 2009 
LC11 La Cruz; Spain 40°N 2°W - 1 371 370 1 
Lidia Romero-
Viana et al. 
2011 
LP12 Lago Plomo; Chile 47°S 73°W - -52 420 472 1 
Elbert et al. 
2012 





4928 0 11800 118 100 Viau et al. 2009 





1885 -25 1755 178 10 
L. Tan et al. 
2011 













295.7 1631 1983 352 1 





41°S 145°E - 469 3654 637 5 
Saunders et al. 
et al. 2012 
St12 
Castor & Lime 
Lakes; USA 
49°N 120°W - -52 1448 300 5 
Steinman et al.  

















Klagenfurt 14.3 46.7 452 212 0.68 
Padua 12 45.4 13 239 0.66 
Milano 9.3 45.5 107 303 0.72 
Praha 14.3 50.1 380 201 0.66 
Marseille 5.4 43.3 8 218 0.57 
Strasbourg 7.6 48.6 154 249 0.64 
Toulouse 1.4 43.6 152 219 0.61 
Lund 13.2 55.7 73 264 0.60 
Paris 2.5 48.8 50 225 0.65 
Lille 3.1 50.6 47 232 0.65 
Hoofdorp 4.7 52.3 4 250 0.59 
Uppsala 17.6 59.9 15 233 0.49 
Kew Gardens -0.3 51.5 5 269 0.47 
Podehole -0.1 52.8 3 209 0.52 
Oxford -1.2 51.7 63 209 0.55 
Manchester -2.3 53.4 75 205 0.69 
Edinburgh -3.18 55.92 134 228 0.58 
Mean 





TABLE E.8  Proxy data; precipitation and temperature reconstructions used. End column presents the last time 
point of each reconstruction in years Before Present (BP; present defined as 1950), Res. is time resolution, 
Err. is the standard error in reconstruction values given by the corresponding study. H values in parenthesis 
represent the lower 95% confidence limit for H, if this error is introduced to H estimation.  
 




















8000 100 80 - 0.81 [28] 
St12 






































Pollen Taxa 8000 100 80 - 0.99 [359] 
T7 
Cold Air Cave, 
South Africa 
24S 29E Speleothem δ18O 4456 20+ 323 - 0.78 [139] 
T8 
Cold Air Cave, 
South Africa 
24S 29E Speleothem δ18O 7927 20+ 397 - 0.87 [139] 





Tree-rings Width 650 1 700 - 0.48 [123] 
Bü11 Central Europe 
40-
50N 













Tree-rings Width 446 1 500 - - [364] 
Ge13 China 4-54N 
73-
135E 
Multiple Multiple 1945 10 200 - - [110] 
Co99 Tasmania 42S 146E Tree-rings Width 3592 1 3951 - - [72] 
Ne14 S. Hemisphere - - Multiple Multiple 500 1 1500 - - [262] 
* Reconstruction of winter precipitation  
** 5-year moving average 
*** 20-year moving average 






FIGURE E.11 Comparison between precipitation (blue/purple dashed lines) and temperature (orange solid 
line) reconstructions: a. VG09 & Ba05 vs GRIP, b. St12 vs WS12, c. Ta12 vs Ge13, d. Sa12 vs Co98 and e. T7 & 







TABLE E.9 Values of H for the Figure 1 of the letter. E: repetitive sampling of the instrumental data 
proportionally over the reconstruction means; EB: 5-year block repetitive sampling; G: sampling from a 
gamma distribution fitted to the instrumental data and G-RND: sampling from a gamma distribution with 
randomly changing shape and scale parameters. 
 50 100 200 500 1000 2000 4000 8000 
Ba05 – E 0.47 0.58 0.72 0.85 0.87 0.88 0.89 0.89 
Ba05 – EB 0.57 0.52 0.73 0.82 0.83 0.87 0.87 0.90 
Ba05 – G 0.62 0.45 0.72 0.85 0.85 0.88 0.88 0.88 
Ba05 – G(RND) 0.52 0.28 0.59 0.79 0.83 0.85 0.86 0.88 
ViGa09 – E 0.37 0.60 0.64 0.50 0.72 0.81 0.87 0.96 
ViGa09 – EB  0.55 0.52 0.60 0.57 0.69 0.79 0.84 0.96 
ViGa09 – G 0.29 0.49 0.74 0.84 0.84 0.88 0.88 0.89 
ViGa09 – G(RND) 0.67 0.56 0.53 0.56 0.74 0.80 0.87 0.97 
TABLE E.10 Instrumental and proxy time series of global temperature used in the study. 
Id 

















161 1/12 1/12 - 
Moberg Multi-proxy (oC) 2×103 1 1 [253] 










































*Scales of 1 to 30 years were not included because the series is smoothed by Lohle 
[215] at the 30-year scale. 
** In parenthesis the percent of time steps of the original series that are greater than 
the chosen regularized resolution, Δ.  





FIGURE E.12 Global temperature series of: (a) instrumental data going back to 32 and 160 years, respectively, 
and (b) multi-proxy reconstructions going back up to 2000 years (see TABLE E.10). The gray area indicates the 
link of the time period of the series with the one before it (e.g. with FIGURE E.12b for FIGURE E.12a).  
 
FIGURE E.13 Global temperature series from ice core reconstructions going back up to about 800 thousand 



























































































FIGURE E.14 Global temperature series from sediment reconstructions going back up to about 500 million 
years BP (see TABLE E.10). The gray areas indicates the links of the time period of each series with the one 
































































     






FIGURE E.16 Similat to Figure 5.5 but for monthly values. The upper row of bar charts represents precipitation maxima, while the lower one minima.  




































































TABLE E.11  Paleoclimatic studies in the Mediterranean region 
Map 
ID 











A1 Akkemik et al. 2008 Black Sea Turkey 32.5 41.5 Tree-rings Width T 1 
COEFECHA/A
RSTAN 







Greece 21 40.8 Sediment Multiple L *100 
14C AMS, 
Tephra 
no One site Strong 
B1 Bakker et al. 2011 
W. Taurus 
Mts 
Turkey 30 37.5 Pollen Taxa T 
*2.5-
50 




2003 Soreq Cave Israel 35 31.8 Speleothem d13C, d18O T 
*5-
250 
U-Th no One site Moderate 
B3 Buntgen et al. 2008 Pyrenees Spain 1.1 42.6 Tree-rings 
Width/Dens
ity 
T 1 ARSTAN yes Small Very strong 
C1 Cacho et al.  2001 
Tyhrenean 
Sea 
Spain 12.5 38 Pollen Taxa M 
*100-
500 
14C AMS yes One site Very weak 
C2 Cacho et al.  2006 
Alboran 
Sea 






14C AMS yes One site Strong 
C3 Calo et al. 2013 
Pantelleria 
Is. 
Italy 12 36.8 Multi-Proxy Multiple T *50 14C AMS no Small Weak 
C4a Camuffo et al. 2011 France France 2.7 42.7 Multi-Proxy Multiple T 0.25 
Historical 
sources 
yes Large Moderate 
C4b 
  
Spain Spain -5.5 36.3 Multi-Proxy Multiple T 0.25 
Historical 
sources 
yes Large Moderate 
C4c 
  
Italy Italy 16 41.1 Multi-Proxy Multiple T 0.25 
Historical 
sources 
yes Large Moderate 
C5 Chen et al. 2013 
Gulf of 
Taranto 







Spain 4.3 36.3 Pollen Taxa M *50 14C AMS yes One site Very strong 
C7a Corona et al. 2010 S. Alps France 6.5 44.5 Tree-rings Width T 1 ARGC yes Large Very strong 
C7b 
  
S. Alps Italy 11.5 46.2 Tree-rings Width T 1 ARGC yes Large Very strong 
D1 Desprat et al. 2003 Ria de Vigo Spain 8.75 42.2 Pollen Taxa T *50 
14C AMS, 
Tephra 
yes Medium Very strong 
D2 Di Donato et al. 2008 
Gulf of 
Salerno 
Italy 14.7 40.3 Sediment Multiple M *100 
14C AMS, 
Tephra 







Italy 14.3 37.6 Historical Documents T 1 
Historical 
sources 


















S. Italy Italy 14.3 41.2 Historical Documents T 1 
Historical 
sources 
yes Large Very weak 
E1 Enzel et al. 2003 Dead Sea Israel 35.6 32.8 Sediment Lake level L *200 
Based on 
other studies 
no Small Very weak 
E2 Esper 2007 Cedar Morocco -5.5 34.1 Tree-rings Width T 1 Multiple yes Large Moderate 
F1 Faust et al. 2004 Medjerda Tunisia 9 36.1 Sediment Multiple T *100 14C AMS, IRSL no Small Moderate 
F2 Francke et al. 2013 Dojran Greece 22.75 41 Sediment Multiple L *50 14C AMS no One site Moderate 
F3 Frisia et al. 2005 Grotta Savi Italy 14 41.5 Speleothem d13C, d18O T 
*10-
120 
U-Th yes One site Moderate 


















no Medium Very weak 
G1 Giraudi  2005 Gran Sasso Italy 13.6 42.5 Glaciers 14C T 
*10-
100 
14C AMS no One site Moderate 
G3 Grauel et al. 2013 
Gulf of 
Taranto 
Italy 17.9 39.9 Sediment d13C, d18O M 10 14C AMS yes One site Strong 
G4a Griggs et al. 2007 N. Greece Greece 22.5 40.5 Tree-rings Width T 1 
ARSTAN, 
CORINA 





Turkey 28 40 Tree-rings Width T 1 
ARSTAN, 
CORINA 




1995 Crete Greece 25.2 35.3 Historical Documents T 0.25 
Historical 
sources 
yes Large Very weak 
H1 Hunt et al. 2007 Wadi Dana Jordan 35.3 30.4 Multi-Proxy Multiple T N/A 14C AMS no Small Weak 
J1a Jalut et al.  2000 SE France France 6.5 40 Pollen Taxa T 
*50-
200 
14C AMS (no 
calib) 
no Large Moderate 
J1b 
  
S. Spain Spain 3.5 38 Pollen Taxa T 
*50-
200 
14C AMS (no 
calib) 







Spain 3.4 37.1 Multi-Proxy Multiple L 
*50-
250 
14C AMS no Small Very strong 
J3 Joannin et al. 2013 
Lago 
Trifoglietti 
Italy 16 39.5 Pollen Taxa L 
*50-
500 
14C AMS no Small Very strong 
J4 Jones et al. 2006 
 
Turkey 34 38 Sediment d18O L 1-5 Varve counts, 

















K1 Kaniewski et al. 2011 
Jableh 
Valley 







Spain 2 40 Multi-Proxy Multiple L *50 14C AMS no One site Moderate 
L2 Lopez-Saez et al. 2009 
Portlligat 
Bay 
Spain 3.2 42.3 Pollen Taxa M 
*50-
100 
14C AMS no One site Weak 
M1 Magny et al. 2007 
Lake 
Accesa 





no One site Very strong 
M2 Marquer et al. 2008 
Swbkha 
Mhabeul 
Tunisia 10.8 33.4 Sediment Multiple T *10 
14C AMS, 
Tephra 





Zonar L. & 
Alboran 
Sea 






no Large Very strong 
M4 Millet et al. 2009 
Lake 
Anterne 







no One site Moderate 
M5 Morellon et al. 2011 
Lake 
Estanya 





no One site Very strong 
M6a Moreno et al. 2012 
Basa de la 
Mora 
Spain 0.3 42.5 Multi-Proxy Multiple L 10 14C AMS 
 
One site Very strong 
M6b 
  
Minorca Spain 4 40.5 Multi-Proxy Multiple M 10 14C AMS 
 










One site Very strong 
N1 Neumann 2010 Dead Sea Israel 35.6 32.8 Pollen Taxa L *100 14C AMS no Medium Weak 
N2a Nicault et al. 2008 Italy Italy 15 37.5 Tree-rings Width T 1 ARGC yes Large Moderate 
N2b 
  
Turkey Turkey 30 37.5 Tree-rings Width T 1 ARGC yes Large Moderate 
N2c 
  
Spain Spain 0 40 Tree-rings Width T 1 ARGC yes Large Moderate 
N2d 
  



















Spain 4.8 36 Sediment Multiple M *50 
14C AMS, 
137Cs, 210Pb 
















P1 Piva et al. 2008 
Adriatic 
Sea 
Italy 17.8 41.5 Sediment d18O M 
*100-
250 
14C AMS no Large Very strong 
P2 Pla and Catalan 2005 
Lake 
Redon 
Spain 1 42.7 Pollen Chrysophite L 20 
14C AMS, 
210Pb 
no One site Moderate 
R1a Repapis et al. 1996 N. Greece Greece 23 41 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
R1b 
  
W. Greece Greece 21 40 Historical Documents T 1 
Historical 
sources 





Greece 24 38.1 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
R2d 
  
Crete Greece 25 35 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
R2 Rodrigo 2008 Andalusia Spain -3.6 37.6 Historical Documents T 1 
Historical 
sources 
yes Large Weak 
R3 Rudzka et al. 2012 
Modric 
Cave 





no One site Moderate 
S1 Sebatier et al. 2012 
Gulf of 
Lions 
France 4.2 42.7 Sediment Multiple M *50 14C AMS no One site Strong 
S2 Schilman et al. 2001 
Israeli 
Coast 
Israel 34.4 31.9 Sediment Multiple M 
*10-
100 
14C AMS no Small Weak 
S3 Sicre et al. 2013 
Gulf of 
Lions 
France 4 43 Sediment Marine M 10 N/A no One site N/A 
S4a Sicre et al. 2013 
Adriatic 
Sea 






Tunisia 11.7 37 Sediment Multiple M *100 14C AMS yes One site Strong 
T1 Tarrico et al. 2008 
Gulf of 
Taranto 
Italy 17.8 39.5 Sediment d18O M 3.8 Tephra yes Medium Moderate 
T2a Telelis 2000 
Aegean 
Coast 
Turkey 27 38.5 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
T2b 
  
Istanbul Turkey 29 41 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
T2c 
  
Jerusalem Israel 34.6 31.5 Historical Documents T 1 
Historical 
sources 





Greece 23 40 Historical Documents T 1 
Historical 
sources 


















Cyprus Cyprus 32.7 34.7 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
T2f 
  
Damascus Syria 36.5 35.25 Historical Documents T 1 
Historical 
sources 





Egypt 30.7 30.3 Historical Documents T 1 
Historical 
sources 
no Large Very weak 
T3a Till and Guiot 1990 
High Atlas 
Mt. 





Morocco -4 34 Tree-rings Width T 1 N/A yes Large Weak 
T3c 
  
Rif Mt. Morocco -4.5 35 Tree-rings Width T 1 N/A yes Large Weak 
T4a Touchan et al. 2011 N. Tunisia Tunisia 9.8 36.6 Tree-rings Width T 1 
Cook (1990) 
method 
yes Large Weak 
T4b 
  
N. Algeria Algeria 4.7 36.6 Tree-rings Width T 1 
Cook (1990) 
method 
yes Large Weak 
T4c 
  
N. Morocco Morocco -5.8 35 Tree-rings Width T 1 
Cook (1990) 
method 
yes Large Weak 
T4d 
  
Atlas Mt. Morocco -4.5 34.5 Tree-rings Width T 1 
Cook (1990) 
method 
yes Large Weak 





Turkey 30.3 37 Tree-rings Width T 1 PCA yes Large Moderate 
T5c 
  
W. Turkey Turkey 35 37.7 Tree-rings Width T 1 PCA yes Medium Moderate 
T5d 
  
Israel Israel 36.1 35.6 Tree-rings Width T 1 PCA yes Large Moderate 
T5e 
  
W. Cyprus Cyprus 32.8 35 Tree-rings Width T 1 PCA yes Large Moderate 
V1a Vogt et al. 2012 N. Egypt Egypt 30 30.25 Historical Documents T N/A 
Historical 
sources 
no Large Very weak 
V1b 
  
Israel Israel 36 34.4 Historical Documents T N/A 
Historical 
sources 
no Large Very weak 
W1 Wick et al.  2003 Lake Van Turkey 35 38 Sediment Multiple L 
*10-
250 
Varve counts no Small Weak 
W2 Wilkinson 2012 Lake Plav Albania 19.8 42.5 Multi-Proxy Multiple L 10 
14C AMS, 
137Cs, 210Pb 






TABLE E.12 Slopes of annual rainfall per station (mm/year); the blue color indicates positive slope (increase in 
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